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SYNOPSIS

This paper contains the results of a year’s study of fog and haze,
both their present synoptic treatment and the more recent litera-
ture dealing with them at some of the principal European forecast
and aviation centers. The greater part of the investigation was
made at the Geophysical Institute of Bergen, Norway, with shorter
stays at Lindenburg Aeronsutical Observatory and Tempelhof
Field near Berlin, at the meteorological office and Le Bourget,
Paris, and at the meteorological office and Croyden, London.

Grateful acknowledgments are due to the officials of and others
connected with those institutions for courtesies shown during this
investigation.

Part I contains a brief summary of the present state of our
knowledge of nuclei of condensation, paying special attention
to Aitken’s and Kohler’s investigations of hygroscopic nuclei, and
the general evidence favoring the theory that condensation begins
on hygroscopic nuclei rather than on ions or neutral dust particles.

Part II contains a general classification of the kinds of fog, fol-
lowed by a consideration of the causes, characteristics, and dis-
tribution of each type. This whole development is carried out in
terms of the Bergen methods of air mass analyvsis, because these
are the only methods of synoptic treatment which stress the fine
observational distinctions necessary for the consideration of a
meteorological element as sensitive as fog.

Part III contains a statement of the fundamental principles to
be followed in fog forecasting, again in terms of air mass properties,
and a brief consideration of the application of these general prin-
ciples to each specific type of fog.

Part IV contains some general elementary considerations of
relations between fog frequencies and type of exposure which should
be noted in choosing an aerodrome site.

Abbreviations used are as follows:

Rw=relative humidity with respect to water.
R,=relative humidity with respact to ice.

T. A.=tropical air.

P. A.=polar air,

W. A.=warm Qir.

C. P. A.=continental polar air.

M. P. A.=maritime polar air.

Trans. A.=transitional air.

C. Trans. A.=coutinental transitional air.
M. Trans. A.=maritime transitional air.
Ta=temperature of air just above ground surface.
Ta.=tomperature of ground (or water) surface.

PART I

NUCLEI OF CONDENSATION

The study of nuclei of, condensation in the atmosphere
is a problem for the physicist rather than the meteor-
ologist. In the general condensation processes, it is the
meteorological factors which play the decisive part in
determining the direction the process shall take, not the
nuclear factors. The whole trend at present, in the
light of the increasing observational data on the conditions
actually prevailing in clouds where condensation is
taking place, is to postulate an ever smaller degree of
supersaturation! in these processes. It would appear
that there are elways condensation nuclei present in the
lower troposphere such that condensation begins directly

! When not otherwise specified, the degree of saturation is always considered with
reference to 8 water plane surface, the percentage expression being Rw.
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or a trifle before a state of complete saturation is attained,
and such that supersaturation is almost immediately
dissolved. This is perhaps not the case in the upper
troposphere (cirrus level) and in cumulo-nimbus con-
vection.

For the problem of fog and low ceiling (the greatest
obstacles to aviation), we are concerned primarily with
the condensation processes and nuclei only in the lowest
troposphere. But it is exactly in these lowest air layers,
especially in populous industiial regions, that local
pollution of the atmosphere results in such numbers of
active condensation nuclei that the very marked effect
on fog frequency, density, and duration has been ob-
served and studied for half a century. Furthermore,
since most aerodromes for commercial aviation purposes
must be situated in such regions, the study of this rather
local type of fog assumes a special importance. The
hitherto unsolved problem of clearing aerodromes of
fog by artificial means requires for its solution a much
more precise knowledge of the chemical and physical
properties of these nuclei than we yet possess. These
considerations make it seem almost essential to com-
merce any general discussion of fog formation and fore-
casting for aviation purposes with a brief summary of
our present state of knowledge of the nuclei of con-
densation.

The classical experiments of C. T. R. Wilson first
proved bevond & doubt that nuclei of some sort are
necessary for condensation to take place, by showing

" that in thoroughly filtered air no reasonable degree of

supersaturation can produce water droplets. J. J.
Thomson developed the mathematical formul®z which
explained this fact as a result of the increased vapor
pressure caused by the greater surface tension over the
surface of droplets with decreased radius of curvature.
The existence of very small droplets, such asfmust be
the first stage of spontaneous condensation without
nuclei, would require enormous supersaturation. To
meet this difficulty, all theories explaining condensation
have assumed nuclei of one of the three following types,
or combinations of two or all three types in a single
nucleus:

(1) Neutral dust particles of a size sufficiently great
that the surface curvature of the particle will permit of
condensation with only a moderate degree of super-
saturation.

(2) Particles having an electric charge, or ions, such
that the electric forces acting over the surface of the
particle sufficiently counteract the surface tension to
permit of condensation with only moderate supersatura-
tion.
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(3) Hygroscopic particles such that the forces due to
the chemical affinity of the particle for water reduce
the vapor pressure over its surface sufficiently to permit
of condensation at moderate supersaturation.

The first type of nucleus, the neutral dust particle, was
the one assumed in the earlier theories of condensation.
Aitken’s so-called ‘““dust counter” was devised on the
principle that, in the event of the sudden expansion and
consequent supersaturation of a sample of air, con-
densation will take place on all dust particles present.
The “dust count” is then made from the small droplets,
when they have settled. But as Hann says,? already in
1881 Aitken remarked that the formation of condensation
nuclei might take place quite without dust, simply by
the action of sunshine on certain gases, i. e., ammonia,
the oxides of sulfur and nitrogen, and percoxide of hy-
drogen. Later experiments by Richarz, Barkow, Pringal,
and Bieber confirmed the results of Aitken’s early ex-
periments indicating the important role played by the
chemical composition of the nuclei. A. Wigand in two
papers published in 19123 showed conclusively that
neutral dust particles play practically no réle at all in
ordinary condensation, but that the produets of com-
bustion contain gn almost infinite number of active
nuclei of condensation. Wigand found with high relative
humidity and a low ‘“‘dust count’ by Aitken’s counter,
that the introduction of air into the apparatus, heavily
laden with dust particles from the immediate vicinity of
& rug which was being beaten, had no effect whatsoever
on the count, which remained low. In other words,
these mechanically produced dust particles remained
inactive as condensation nuclei even with marked super-
saturation. He had the same result with the dust of
fine ballast sand when he made a similar test in a free
balloon in a cloud where there prevailed practically
saturation humidity together with a remarkably low
““dust count.”” The count was not in the least affected
by the presence of so much sand dust that the silica
deposit could be detected on the walls of the vessel.
H. Koppe (1916-17), working on Olberg in Jerusalem,
found a zero dust count by the Aitken’s counter in a
prevailing Sirocco so laden with dust that visibility was
very poor. On the other hand, Wigand’s tests made
with air from a room in which a cigarette had been
smoked or & candle burned for a very few moments showed
an almost infinite number of particles, more than 150,000
per cubic centimeter. This proved definitely the nature
of the active condensation kerns, and led Wigand to
rename Aitken’s ‘““dust counter,” and call it “kern
counter.”

Seemingly contrary testimony as to the action of
ordinary dust particles as nuclei is furnished by the
phenomenon observed by H. v. Ficker,* W. Georgii,’
and others, that visible layers of dust haze often precede
the formation of a cloud layer, and are always left behind
by the evaporation of fog or cloud in still air. But
that is no reason to assume, as Ficker and Georgii both
do, that the visible dust or smoke particles have acted
as nuclei of condensation. The same forees which tend
to gather these visible particles in a definite layer,
will also gather the invisible hygroscopic nuclei, pre-
sumably. And certainly the fog particles may attach

2 Lehrbuch der Meteorologie, fourth edition, 1926, p. 16.

2 Uber die Natur der Kondensationskerne in der Atmosphiire, inhesonders iiber die
Kernwirkung von Staub und Rauch, Met. Z. Jan. 1913; und Untersuchungen {iber
Dunstschichten und Temperaturinversionen im Freihallon, mit Messungen der Kon-
densationskernzahl, Beitrige zur Physik der freien Atmosphire, V. Band 1912,

4 Dunstbildung aus Stratusformen, Met. Z, 1906,

! Ursachen der Nebelbildung, Ann. der Hyd. und mar. Met. 1920, und Flugmeteor-
ologie, Leipzig, 1827, p. 38.
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dust particles to them, which will be left behind as a
residue after the evaporation of the fog, without in any
sense having acted as nuclei. Even in his recent book
Georgii maintains that the particles visible as ordinary
dust or smoke haze are active nuclei of condensation,
so that haze is a real cause of fog.

The theories postulating electric forces as the essential
factor in the activity of condensation kerns followed on
the experiments of C. T. R. Wilson showing that with
sufficient supersaturation condensation will take place
on ordinary ions produced in the air by bombardment
with e-particles, or other ionizing forces. He found that
to produce condensation on negative ions a relative
humidity of 420 per cent is required, on positive ions
790 per cent. On the basis of these results Gerdien
developed his theory of the origin of thunderstorm
electric potential, assuming that in strong cumulus
convection there develops such a scarcity of nuclei of
condensation that sufficient supersaturation occurs to
permit of condensation on the negative ions, with a
resulting general segregation of positive and negative
electricity in distinet cloud layers. But all more recent
observations have shown this theory to be quite un-
tenable. Numerous humidity measurements by Conrad
and Wagner on Sonnblick in the densest clouds have
shown average values of 102.5 per cent, with an absolute
maximum of 107 per cent. From these results A.
Wegener ¢ concludes that in cu. ni. convection from 10
to 20 per cent supersaturation may exist. More recently
Hilding Kohler 7 states that of more than 4,000 humidity
measurements made in clouds on Pirtetjikko in Sweden
and Haldde in Norway, four or five may have shown
slight supersaturation, not more than ¥4 per cent.
Kohler's humidity measurements were made with an
Assmann psychrometer over a number of years, and
every precaution taken. He considers Conrad’s and
Wagner’s humidity measurements in detail,® and imputes -
the high relative humidities Wagner obtained to the use of
the hair hygrometer at low temperatures and high humidi-
ties. He believes that because of the slowness of reaction
and deposit of a thin water film on the hair in wet fogs,
as well as on other theoretical grounds, its results are
most unreliable under such conditions. If Kohler's
measurements are correct, it means that in genersl
supersaturation plays no important part in the con-
densation processes, that it is decidedly an exception
in the lower troposphere. Kohler has come to the
conclusion that in the ordinary condensation processes
it is the hygroscopic nuclei that really count, as Aitken
has found to be much more markedly the case with fog
formation in industrial regions. A further consideration
of their results follows below.

The only zone in which the action of the ordinary
small ions as condensation nueclei may still appear
reasonable is the upper troposphere, at the cirrus level.
A. Wigand has found from measurements carried out in
nunerous free balloon trips® that the Aitken’s kern
counter gives counts of close to zero regularly in the
cirrus level.  On the other hand, the cirrus clouds show a
density of very fine particles that must number hundreds
per cubic centimeter. The only explanation Wigand can
offer is that such supersaturation prevails that condensa-
tion takes place on ordinary ions. These would not

8 Thermodynamik der Atmosphire, p. 254.

? Zur Kondensation des Wasserdampfes in der Atmosphire, erste Mitteilung, Geo-
fysiske Publikationer; Vol. IT, No. 6.

8 On Water in the Clouds, Geofysiske Publikationer, Vol. V, No. 1.

? (a) Bericht uber eine wissenschaftliche Freiballonfahrt bis 9425 m. Haéhe, Beitriige
zur Physik der freien Atmosphdre, VI Band, 1913. (b) Die vertikale Verteilung der
Kondensationskerne in der freien Atmosphire, Annalen der Physik, Band 59, 1919.
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appear in the counter, for it employs an insufficient
expansion to effect condensation on ions. Between 814
and 914 kilometers, in fine cirrus cloud, Wigand has
observed on one occasion apparently excessive super-
saturation. However, measurements of supersaturation
by means of wet and dry bulb thermometers at between
—40° C. and —50° C. becone less than meaningless.

Although the ordinary small ions are generally con-
ceded now to play no part in atmospheric condensation,
the large ions, or Langevin ions, whose presence and slow
movement in the atmosphere has been so definitely
established, are still generally assumed to be one of the
important types of active condensation nuclei. Especi-
ally for fog formation has this type of nucleus been
considered important. H. Bongards ** was one of the
first to try statistically to prove a relation between the
density of such ions and fog formation. Assuming that
the presence of such ions in the air is due primarily to
the breaking down of radio-active matter, he expected to
find a much smaller ion count with winds from the sea
than with winds from land, for radio-active material is
0 much more abundant in soil than in sea water.
From measurements of the products of radio activity in
the atmosphere made at Lindenberg he found this to be
the case, winds with a marked northerly component
being much poorer in such ioniec activity than those
with southerly. When he found at Lindenberg a corre-
sponding distribution of fog frequency, he concluded at
once that the presence or absence of the ions as nuclei
was the cause of greater or lesser fog frequency. As a
matter of fact exactly the same relation should hold for
the hygroscopic nuclei from industrial pollution of the
atmosphere. Such nuclei even more than the large ions
will originate only over land. But still more probable as
an explanation of the relation between fog frequency and
wind direction observed by Bongards at Lindenberg are
certain meteorological factors which are considered in
Part IT of this paper.

In spite of the fact that condensation even on the
Langevin ions requires appreciable supersaturation, and
that all evidence points to hygroscopic nuclei, especially

“in the case of the dense low fog near large cities, the
ionic theory of fog condensation has become so firmly
rooted that many attempts at local fog dispersion have
been based on that theory. In Germany and ‘n the
United States, at aerodromes, attempts have been made
to disperse fog locally by scattering electrically charged
sand, or the use of screens charged to a high potential, to
clear the air of its ion content. The complete failure of
such experiments to give the desired results may be
regarded as further evidence against the general par-
ticipation of ions in fog condensation. It is the problem
of hygroscopic nuclei that must be attacked.

The markedly hygroscopic character of the nueclei is
of course responsible for the density and persistence of the
fogs in large cities. Due to the great numbers of these
nuclei present in such localities, condensation sets in
before saturation is reached, on a great number of kerns.
The result is a very dense cloud of exceedingly fine par-
ticles, for no particle can grow appreciably beyond the
size of its neighbors without becoming diluted to such
an extent that the hygroscopic forces are weakened so
that it tends to evaporate again. In a country fog,
where nuclei are scarce and comparatively inactive
hyzroscopically, near saturation values of relative
humidity are required for fog formation. There is no

10 {fber eine Beziehung zwischen Nebelhfiufigkeit und Gehalt der Atmosphiire an
radioaktiven Zerfallsprodukten, Arbeiten des Koniglichen Preussischen Aeronautischen
Ohservatoriums bei Lindenberg; IX, Band, 1913.
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compelling force to keep the droplets small, so the par-
ticles are larger and comparatively few in number, and
therefore the fog never so densely obscuring as the real
city fog. Furthermore, as soon as the relative humidity
decreases slightly the smaller droplets become unstable,
and evaporate to the larger more stable drops, which
quickly settle. Hence, a country fog is readily dissipated.
But in the city fog all the droplets are both small and
stable, so that dissipation can take place only through the
evaporation of the hygroscopic droplets. Hence, such
fogs once formed may persist for days with comparatively
low humidity. They are frequently ended only by the
blowing up of a wind which removes both fog and
atmospheric impurities.

The most important investigations in more recent
vears of the nature and probable source pf the nuclei of
condensation have been made by John Aitken and
Hilding Kohler. Kohler worked mostly at Haldde
Observatory, in northern Norway, at 900-meter elevation
so that his results may be considered to apply to con-
densation processes in the lower cloud levels, far removed
from the industrial sources of atmospheric pollution.
His work has been performed entirely within the last 10
years, and is apparently rather little known as yet.
Aitken’s most recent work s as carried out during the
preceeding ten years,' mostly in Scotland. It consisted
to a considerable extent of laboratory experiments
testing the action of artificially produced nuclei obtained
from the chemical compounds always produced in the
atmosphere by combustion.

The two fundamental problems which Aitken attacked
in his most recent work concern the action of the sun’s
rays in producing hygroscopic nuclei, and the extent to
which ions of one sort or another take part in the fog
condensation processes. The fact that radiation fogs
usually suffer a marked increase in density directly the
sun’s rays become active has long been known, as well
as the fact that sunshine greatly increases the activity
of the hygroscopic products of combustion.’? Aitken
found with his kern counter that the purest air off the
sea has its kern count increased tenfold by the com-

U The papers containing the results briefly mentioned here are: On some Nuclei of
Cloudy Condensation, 1911; The Sun as a Fog Producer, 1912; and On Some Nuclei of
Cloudy Condensation, 1916. These papers are published in the Proceedings of the Roy.
Soc. of Edinburg, but 1nay be most conveniently obtained, together with all of Aitken’s
important papers, in a one voluine collection by C. Q. Knott, Collected Scientific Papers
of John Aitken, Cambridge University Press, 1923,

12 Opposed to this hygroscopic explanation of fog thickening after sunrise there is the
convection theory. (. 1. Taylor (Quart. Jour. of the Roy. Met. Soc., Vol. XLIII) has
developed quantitatively the mathematical theory of the gradual penetration upward
of surface cooling and radiation fog by means of the slight ever-present mechanically
produced turbulence. It is {frequently assumed on the basis of this theory, though not
by Taylor himself, that as soen as the sun's rays become active, convection begins and
the mixing process becomes much more rapid, the fog consequently thickening. As soon
as the process goes a little further sufficient warming of the cold damp layer takes place
so that the fog dissolves. Captain Entwistle in a recent paper (Meteorology in Relation
to the Selection of Aerodrome Sites, prepared for the Troisieme Congrés International de
Navigation Aerienne) offers only this explanation of the marked maximum occurring
shortly after sunrise in curves showing the diurnal variation in fog frequencies. There
are both theoretical grounds and observational facts to speak against the convection
theory. In the first place, considering the extreme prevailing stability and the inter-
ference to the penetration of the sun’s rays in such a situation, it seems quite improbable
that the sun can so quickly eifect suflicient warming of the lowest air to produce even the
slightest convective action. Furthermore Aitken’s visibility measurements at Falkirk
from 1909 to 1912 show that this thickening takes place only when the slight prevailing
air movement. comes from a region of marked atmospheric pollution. Under otherwise
similar eonditions (light winds. cloudless sky, low radiation temperatures) the visibility
ohservations at 9:30 a. m. showed no increased obscurity when the wind blew from the
NW. quadrant (unpolluted source), whereas with a wind from the 8W. quadrant (pol-
luted source) the 9:30 observations showed a visibiltity of from one-half to one one-
hundredth of the 8 o’clock observations. He observed also that if the sky remained clenr
and the winds light, this thickened fog often remained throughout the entire day without
dissolving, which likewise speaks against the convection theory. The writer of this
paper has himself observed in Bergen, at the end of February, 1928, a fog which persisted
for two days, thickening each day after sunrise to such a density that street traffic was
demoralized and artificial lighting rerquired for office work, At night this fog thinned to
such an extent that the moon was visible through it, and in the early morning it appeared
only as a rather dense smoke haze. One had at midday only to go 300 meters up any one
of Bergen's seven tountains to find brilliant sunshine, clear sky, and a temperature
inversion of 6° or 7° C. L o

It is often stated that the thickening of fog after sunrise is simply due to the lighting of
fires in many hornes and factories, increasing the numbers of hygroscopic nuclei rather
than to the specific action of the sun'srays. But it need only be mentioned here that this
thickening comes with the appearance of the sun, not before. In wintertime this is in
Bergen, a good three hours after the fires are lit, in London probably u geod two hours.
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paratively brief action of sunshine, while air from a
polluted source has the count increased a hundredfold,
giving counts as high as 150,000 per cubic centimeter.
Assuming that the oxides of sulphur are the most impor-
tant active nuclei producers among the atmospheric
pollutions,”®* he made certain laboratory tests with the
sulphurous anhydride (SO.), with the following results:

(1) SO, and pure air contained in a glass tube and
acted on by sunshine do not produce active nuclei of
condensation.

(2) SO, and impure air in a glass tube produce some
active nuclei spontaneously but the sun’s rays have
little effect.

(3) SO, and either pure or impure air contained in a
silica tube (permits entrance of ultra-violet rays) exposed
to the sun’s action produce great numbers of active
nuclei.

(4) SO; and pure or impure air immediately produce
great numbers of active nuclei if a small amount of an
ozidizing agent (hydrogen peroxide or ozone) be intro-
duced to the tube.

(5) An electric discharge has the same effect in pro-
ducing active nuclei as the ultra-violet rays of the sun,
whereas radium emanations and the radio activity of the
atmosphere have almost no effect.

From these observations, in the light of the known fact
that both the ultra-violet rays of the sun and an electric
discharge produce ozone and hydrogen peroxide, Aitken
concludes that the action of the sun as a fog producer is
simply due to its action in forming H,0, and O;. These
powerful oxidizers probably transform the weakly hygro-
scopic sulphurous anhydride to the extremely hygroscopic
sulphuric anhydride (SO;). The same will hold for the
nitrous and nitric anhydrides or the phosphorous and
phosphoric anhydrides, in so far as they are present in
the products of combustion. From the extreme numbers
of nuclei produced by a very small quantity of SO, and
from the large sulphur content of coal, Aitken shows that
in the big industrial regions enough of this pollution is
poured into the lower atmosphere to affect very wide
areas to a marked extent.

It is_quite possible that country fogs also depend on the
same nuclei, for in sections remote from the pollution
areas their count is of course greatly reduced. Hence,
they are unable to effect turbidity of the density of fog
before they have grown to such a size that dilution has
greatly weakened the hygroscopic forces. Thus to form
a visible fog, near saturation humidity is required, the
particles then behaving as if formed on almost neutral
nuclei. The settling of these large particles in the dis-
solution of such a fog is in that case one of the principal
forces acting to clear the air of such impurities.

In answer to the frequently made charges against his
methods, that the nuclei he counted in his tests showing
such very high kern counts were nothing other than ordi-
nary ions, Aitken prepared tests to determine the size !
of the active nuclei produced by different processes, and
the rdle played by ions of one form or another. Nuclei
sizes were determined simply by clearing the sample of
air, with repeated expansion showers, of all nucler that

13 In accord with the earlier experiments of Aitken and others, and several special
investigations of London fogs, namely: F. A. Russell, Uber den Londoner Nebel, Met.
Z, 1889; Brodie, Fog in London, Quart. Jour. of the Roy. Met. Soc., XVIIL, 1832; W.J,
Russell, Stadtnebel und ihre Wirkungen, Met. Z, 1892.

1 By the ‘‘size” of a nucleus of condensation Aitken means not the physical dimen-
sions, but simply its readiness to act. Thus a very small particle of SO; is ‘‘larger’’
than a neutral dust particle of much greater mass. Since ordinary ions require a 24
per cent expansion of saturated air (Rw=420 per cent) before they can act as nuclei, it
is obvious on the face of it that they can not be the kerns counted by Aitken's apparatus,
in which the expansion is always kept under 20 per cent unless it is desired to count
ions. Futhermore, the large Langevin ions are never found in the atmosphere in num-
bers of the same order of magnitude as Aitken’s and Wigand’s kern counts in polluted
air.
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would act first at 2 per cent expansion, then at 4 per cent,
etc., each greater expansion giving the count of a smaller -
nucleus. He made the following observations:

(1) The purest air obtainable at low levels (Loch Awe,
Scotland, NW. wind) seldom contained nuclei requiring
more than 4 per cent , never more than 6 per cent expan- "
sion to act.

(2) Action of sunlight or electric discharge on SO,
for any appreciable time gave only very numerous large
particles, all acting at 2 per cent.

(3) Ions produced by radium, thorium, or the burning
of hydrogen in pure air, all processes giving great numbers
of ions, In no case became active at less than 25 per cent
expansion. _

(4) In impurities produced by the usual smoke pollu-
tion, as well as in the products driven off by extreme
heating of any solid matter, there were both large and
small nucleil produced, requiring up to 20 per cent expan-
sion. These small nuclei will disappear after a time,
giving larger nuclei. Evidently they combine, perhaps
under the influence of electric charges.

From these observations Aitken concludes that there
is no evidence that ions spontaneously combine to give
agglomerations active as nuclei of condensation, but
rather to the contrary. If they did so combine, pure air
in nature should contain smaller nuclei representing
intermediate stages of ion combination between the
nuclei requiring 4 per cent expansion and the real ions
requiring 25 per cent. It is possible, however, that the
ions attach themselves to the small particles produced
by heat and chemical action, helping to effect their
agglomeration to larger particles. But that they can
not act alone, however great their density, is shown by
(3) above.

The work of Hilding Kéhler ' is along entirely differ-
ent lines. His observational material, obtained chiefly
on Haldde, is of four kinds, namely:

1. Numerous humidity and water content measure-
ments in cloud fog.

2. Microphotography of fog-frost deposits, snow erys-
tals, and ice clumps.

3. Microscopic and optical measurements of size of’
fog or cloud elements.

4. Chemical analyses of the salt content of fog-frost
deposits.

His observations were taken for the greater part at
tempoelg,tures under 0°C., the lower extreme being
—28°C.

He made the following principal observations, chiefly
at 900-meter elevation (Haldde), but to a lesser extent
also at 1,850 meters (Partetjikko):

1. R, rarely exceeded 100 per cent, never by more than
one-half per cent; R, on the other hand, was frequently
greater than 100 per cent.

2. Fog-frost deposits, at whatever temperature laid
down, showed clearly under the microscope that they were
formed by the deposition and freezing of supercooled

15 Kohler's papers are scattered through several publications, but sincg they all deal
with one phase or another of the condensation problem it is deemed best to give the
complete list here:

(e) Studien Uber die Nebelirostablagerung auf dem PArtetjakko, Stockholm, 1019.

(6) Zur Kondensation des Wasserdampfes in der Atmosph#re, Met. Z, 1921.

(¢) Zur Kondensation des Wasserdampfes in der Atmosphdre, erste und zweite Mit-
teilungen, Geofysiske Publikationer, Oslo, Vol. 11.

(d) Uber die Tripschengrosse der Wolken und die Kondensation, Met. Z, 1921.

(¢) Eine Quantische Verteilung von Materie in der Atmosphére, Met. Z, 1922.

Wasser oder Eis iiber die Grisse der Wolkenelemente in einigen verschiedenen
Wolken, Met. Z, 1923.

(9) On Water in the Clouds, Geofysiske Publikationer, Oslo, Vol. V.

(h) Uber Tropfengruppen in Wolken, two papers in Met. Z, 1925.

(i) Untersuchungen iiber die Elemente des Nebels und der Wolken, Meddelander
frin Statens Meteorologiska-Hydrografiska Anstalt, Stockholm, 1925.

(j) Zur Thermodynamik der Kondensation an hygroskopischen Kernen und Bemer-
kungen tiber das Zusammenfliessen der Tropfen, Meddelanden, ete., Stockholm, 1926,

(k) Uber Eoagulation in der Atmosph#re, Met. Z, Feb. 1927.



NovemsEr, 1928

droplets, not by sublimation in crystalline form. Fur-
thermore, the microscope showed that precipitation in
the solid form, apart. from hail, had three forms—(e) fine
snow crystals, the product of sublimation; (b) snow crys-
tals more or less covered and melted by the deposition
and congealing of supercooled droplets; and (¢) ice clumps
produced by the meeting and congeahng of two or more
supercooled droplets.

3. On the average, 13 out of 20 fog droplets belonged
in a series whose sizes increase as 1;2;4;8;16;32, the most
frequent size of droplet found, 0.07 millimeters, being of
this series, which he called the 7 series. He also found
traces of an 8 series. From certain coronal character-
istics in such clouds, which he detected also in coronas
produced in a. st. and ci. clouds, he concluded that the
same series exist among supercooled droplets in the highest
cloud levels. '

4. Numerous tests applied to the fog-frost deposits
showed an almost constant chlorine amount, 3.59 milli-
grams per liter, just 1/10000 the concentration in sea
water. Quantitative tests for magnesium showed the
same ratio to chlorine amount as exists in sea water,
and the presence of calcium was proved qualitatively.
Kéhler tried, by choosing the fogs whose deposits he tested
according to the size of the prevailing droplets, to test the
sea-salt content of each droplet series, but he came to the
conclusion that only the 7 series contributed actively to
these deposits. He found that pure snow flakes had no
chlorine content, those with frozen droplets attached
showed chlorine amounts increasing with the number of
droplets, while the ice clumps showed the same chlorine
amounts as the fog-frost deposits.

From these observations and certain supporting evi-
dence which can not be considered here, Kéhler came to
the following general conclusions concerning the nature
and distribution of nuclei and the condensation processes
in clouds:

1. The common nucleus of condensation is ordinary
ses salt (moderately hygroscopic due to the presence of
magnesium chloride). This must certainly be the nucleus
for the droplets of the predominating 7 group, possibly
for others. The constant- concentration of sea salt in
all drops of this group is to be explained on the assumption
that by some selective process salt particles or droplets
of one particular size are driven from the sea. Due
to their hygroscopic action, they are always present in
the air as tiny droplets which with Ry close to 100
per cent grow to a definite size (and concentration),
and thereafter grow only by the joining of droplets of
the same size to give the geometrically related 7 group.
No supersaturation is required. Presumably in regions
far removed from the sea, such nuclei are less predom-
inant. This theory seems to be supported by observa-
tions of Kinch (at Cirencester, England, 1885-86), in
which he found winter rain water tested 3.58 milligrams
of Cl. per liter, approximately Kohler’s value, while
A. Defant at Vienna, an inland location, found a Cl
quantity only two-thirds of these values. Furthermore,
Kohler showed by analysis of Defant’s cloud particle
measurements that while the 7 group was distinctly
present it was not nearly so predominant as on Haldde

2. The condensation process must take place for the
most part in clouds of supercooled droplets, which are
able to join, at least up to a certain size, without congeal-
ing. Above this size they will congeal, as shown by
microscopie study of iee clumps, the principal form of
intense precipitation on Haldde.
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3. The sublimation process, to form true snowflakes,
takes place only on frozen droplets, as nuclei, with
Re>100 per cent and R,<100 per cent. The freezing
of the supercooled droplets which furnishes nucleii is
probably effected by marked turbulence. A. Wigand
has concluded ® that the formation of ice crystals (nee-
dles) by sublimation takes place in the higher clouds only
on frozen droplets as nuclei when R, >100 per cent.
Probably the same holds for surface fogs composed of
ice needles sometimes observed at very low temperatures.
Hail and graupel, the products of true cu. nb. convection,
are no doubt the results of an appreciable degree of super-
saturation.

From this brief summary of investigations of nuclei
of condensation, it becomes quite evident that everything
points to the importance of the hygroscopic forces in the
condensation processes. In view of the very incomplete
state of our present knowledge of the subject, it is up to
the chemist to make further investigations and to sug-
gest possible means of combating the fog nuisance at least
locally.

PART 1I

FOGS AND HAZE, THEIR 'CLASSIFICATION, CAUSES AND
FAVORING SYNOPTIC SITUATIONS

In passing from the consideration of the nuclear factors
of fog formation to the meteorological factors, it is
assumed that there are always sufficient nuclei presen:
to effect condensation when saturation vapor pressure is
reached in the lower stratosphere. All observation seems
to justify this assumption. It follows that the meteoro-
logical factors are decisive in the determination of fog
distribution, and must therefore be made the basis of
any fog classification.

During the past 20 years there have been undertaken
four general surveys of the subject of fog. One of these
by W. Koppen 7 (1916-17), was a very illuminating
climatological study of fog distribution for all parts of
the world for which he could obtain reliable data. But
it was in no sense intended either as a classification or
an explanation of fog formations. .

Another fog investigation is that of G. I. Taylor,'® who
treated rather fully smoke haze, sea fog formations,
including interesting aerological material obtained on
board the Scotia near Newfoundland, and especially
radiation fog together with certain theoretical consider-
ations of conduction of heat, molcular diffusion of vapor,
and turbulence effects. )

A third fog investigation, by W. Georgii ¥ (1920),
contains much excellent aerological data from the Ger-
man network of stations during the latter part of the
war, concerning inversion surfaces, haze, and radiation
fogs. But other types of fog are rather neglected,
especially the maritime types. They are all included in
two rather weakly treated classes, i. e., Mischungsnebel,
and a very dubious Wogennebel,® a class which later
(1927) Georgii very wisely neglects to mention at all,
apparently including it under Mischungsnebel. The
last investigation is one begun by Calwagen at Bergen,

18 Untersuchungen iiber Dunstschichten, etc., Beitrige zur Physik der freien Atmos-
phire, Vol. V, p. 186. L

17 Landnebe] und Seenebel, Annalen der Hydrographie und Maritimen Meteorologle;
Part I, 1916; Part II, 1617.

15 The Formation of Fog and Mist, Quart. Jour. of the Roy. Met, Soc., vol. 43, 1917.

1 Die Ursachen der Nebelbildung, Parts I and II, Annalen der Hydrographie usw,
1920, and summarized in a somewhat modified form in his Flugmeteorologie, Leipzig,

)

2 Taken from older authorities. See H. Elias, Die Entstehung und Aufiosung des
Nebels, 1901.
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which was most unfortunately never completed, due
to his untimely death. However, there exists in manu-
script form the brief working outline and classification
which he had developed, however incomplete he may
have regarded it. Calwagen’s Classification is the only
general one which is based throughout on the concepts
of the Bergen school. It is, however, in the form in
which he left it, rather incomplete in that it considers
only maritime types and littoral (Scandinavian west
coast) types. He does not consider the continental
types. Furthermore, Calwagen makes the geographical
clagsification the primary, the analytical subsidiary.
Since, however, the discussion here 1s intended to be
quite general, and geographical influences are innumer-
able, the primary classification will be analytical, the
geographical and seasonal modifying influences being
treated as subordinate.

All fogs may be grouped in two classes, quite distinet
both as to processes of formation and characteristics
when formed, namely, (1) Air mass fogs, and (2) Frontal
fogs. Frontal fogs occur either within or immediately
before or immediately following the zone of transition
(front) between two air masses of markedly different
characteristics. They are dependent upon the meteoro-
logical processes taking place along the front for their exis-
tence. It follows that fogs of this type occur in rather
narrow zones and are of a transitory nature, moving with
the fronts. Even in the case of a quasi-stationary front
such fogs are not long persistent in one locality, for such
a front 1s always subject to passing displacements which
cause quite variable weather along its course. It follows
that all the more extensive and persistent fogs belong to
the first class, which shall be considered first.

Air mass fogs are fogs which occur within and often
throughout a given homogeneous air mass as a result of
the meteorological processes affecting the air mass through
out its horizontal extent. The term air mass is used in
the sense of the Bergen School % to refer to any extensive
body of air which is horizontally homogeneous, the result
of the extended currents of flow prevailing in the different
branches of the usual circulation, which permit of a
similar life history throughout the air mass. No de-
tailed discussion of air masses can be undertaken here.
Three general types must be recognized in a discussion of
fog formation:

(1) Tropical Air (T.
subtropical origin.

(2) Polar Air (P. A.)=air masses of polar or subpolar
origin, fresh enough to still have the P. A. instability
characteristics (see Bergeron, Wetteranalyse, pp. 34-36).
P. A. masses are of two types, continental (C. P. A.) and
maritime (M. P. A.), according as their life history since
leaving their source has been primarily over land or over
open sea.

(3) Transitional Air (Trans. A.), Calwagen’s ter-
minology, former polar air, in the usual Bergen termin-
ology = air masses originally of P. A., but which in the
process of aging have lost the instability characteristics
in the lower layers but not in the upper. According as
the aging has taken place over land or over open sea we
have again the important continental (C. Trans. A) and
maritime (M. Trans. A.) distinction.

A)=air masses of tropical or

31 For g thorough treatment of air masses, their nature, the reason for and proof of their
existencs, their kinds, and the characteristic properties of each kind at diffevent levels,
see Bergeron’s Ubep die dreidimensional Verkniipfende Wetteranalyse, Oslo 1928, No. 6
in Vol. V of Geofysiske Publikationer, pp. 32-68. This paper of Bergeron’s contains the
gist of gll the practical working concepts of the Bergen School, together with theoretical
considerations of the processes leading to the genesis and disintegration of fronts and the
modus opérandi of these procasses in the scheme of the general circulation of the northern
%\emisn;lmere. Heroalter reference to this paper will be made simply as Bergeron, Wet-

eranalyse,
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A consideration of the properties of these respective
air masses only in so far as they affect fog formation.
will be touched upon briefly in the discussion of each fog
type.

OUTLINE OF AIR MASS FOG AND HAZE

I. Advection types.
A. Types due to the transport of warm air over a
cold surface.
1. Monsoon fog (Calwagen’s Monsundimma).
2. Sea fog occurring near contrasting water
temperatures.
3. Tropical air fog (Calwagen’s Varmfasdimma).
4. Tropical air haze.
B. Types due to the transport of cold air over a
warm-water surface.
1. Arctic sea smoke (Calwagen’s Sjorok).
2. Autumn early morning steam mists over
lakes, rivers, ete.

II. Radiation types=characterized by a msarked inver-
sion and clear skies above. (Only in Trans. A.,
over land.)

A. Ground fog, characterized by a surface inversion
(Georgii’s Senkungsnebel).

B. High fog, characterized by an upper inversion
(Georgii’s Strahlungsnebel).

C. Inversion haze.

III. Tvpe characteristic of maritime transitional air
when cooled over land =Maritime fog.

I. ADVECTION FOGS

The advection types, since they all require a consider-
able transport of air, are characterized by a certain
amount of wind, in contrast to the radiation types, which'
in general are densest with almost complete calm. In
the first class of advection fogs the fundamental process
leading to condensation is the raising of relative humidity
by cooling, the specific humidity being constant. In the
much less important second class the fundamental process
is the raising of the relative humidity by the addition
of moisture and hence increased specific humidity, the
temperature heing somewhat increased.

Each kind of fog or haze will now be considered in
some detail.

A. TYPES DUE TO THE TRANSPORT OF WARM AIR OVER A COLD
SURFACE

1. Monsoon fog.—Koppen came to the conclusion from
his analysis of the geographical and seasonal distribution
of fog, that fog is fundamentally a coastal phenomenon,
most frequent over the mainland in fall and winter, over
the sea in spring and summer, hence most frequent over
those regions which are coldest relative to their surround-
ings. Since it is exactly this same seasonal temperature
contrast between land and water surfaces which is respon-
sible for the monsoon circulation causing such a fog dis-
tribution, the term ‘““monsoon fog” has been applied to
those fogs formed by the transport of warm continental
air in suminer over a cold-water surface. The fog formed
by the reverse process in winter is not included in the
same class, because there the radiation processes seem
to be equally important in effecting the air mass cooling.
Hence such fog 1s treated as a special type, type III in
the above outline.

The important factors in the formation of the monsoon
fog are: (1) Marked temperature contrast over land and
sea, (2) moderately high specific humidity content in the
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warm air mass transported from land, and (3) sufficiently
weak- cyclonic activity so that the monsoon circulation 1s
not interfered with. The air mass which is transported
from the land to the sea, in which the fog formation
occurs, may be either real T. A., or as more usually is
the case, simply C. Trans. A., which in the summer time
may be quite as warm as T. A. All air masses remaining
long over a continent in summer become so heated and
modified as to rapidly lose their former distinguishing
characteristics.?

These three conditions are most favorably present in the
caseof the California coastfog. Theimportance of the mon-
soon element in this case is evidenced by the fact that it is

the daily sea breeze which brings the fog on shore regu- -

larly each day. On the other hand pilot balloon ohser-
vations have failed to show the presence aloft of a return
current of warm air from the land to the sea. If this
return branch of the typical monsoon circulation is really
missing, then the California fog is rather a sea fog formed
over the cold water which wells up off the coast. In this
case the warm air mass whose cooling produces the fog
is simply brought with the general air drift from the
warmer waters farther west. However, it must bhe
remembered that simply because the general air drift is
from the west the westward branch of the monsoon circu-
Iation aloft will be much less prominent than the eastward
flow at the surface and probably often quite obscured.

The monsoon type presents a much more interesting
and important problem in places where the irregularities
contingent upon cyclonic activity are present. Two such
localities will be considered briefly, and one particular
instance of such a fog discussed in some detail.

On the New England coast, especially from Cape Cod
northward, there exists in the late spring and early
summer the marked temperature contrast which is so
favorable to the formation of monsocon fog. The effect
of the low-water temperatures here is seen in the high
summer fog frequencies #® of the outlying stations.
However, this region is one of so much cyclonic activity
that the regularity of the California coast phenomenon
is entirely lacking. The winds have prevailingly a west-
erly component, so that the fog is not brought so much
on shore. It is only occasionally in a more or less stable
anticyclonic situation that the daily monsoon influence
becomes clearly evident. v

On the northern European coast, especially off the
Scandinavian peninsula, conditions are best suited for the
development of widespread monsoon fog of irregutar
occurrence. In marked contrast to the North Atlantic
coast of North America, it is a region of degenerating
cyclones, and of frequent general stagnation of the atmos-
pheric circulation. The result is that in summer time,
under the influence of a stagnant moribund cyclone
or series of such cyclones passing slowly along a quasi-
stationary weakly frontal zone, there may be established
general persistent air drifts which will bring warm conti-
nental air westward over the Norwegian and North Seas
for many days in succession. Under such conditions
monsoon fog of the most aggravated type will develop.
A change in the direction of air drift will result in an
innundation of coastal regions on the continent by the
fog. A brief discussion of a specific instance of such a
fog, which the writer of this paper has studied in detail,
should at this point prove both interesting and instructive
as to the sort of synoptic situation favoring its develop-
ment.

12 Jee Bergeron, Wetteranalyse, p. 36.
n See Koppen, Annalen der Hydrographie, etc., 1916, p. 254.
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From June 27 to July 10, 1927, the occluded and
slowly filling disturbances approaching Europe from the
Atlantic moved very slowly inland across England, south
of Scandinavia and the Baltic, to southern Russia, along
a weak and diffuse quasistationary front. Along this
front there was a continuous trough of low pressure.
North of this trough there prevailed light easterly winds,
clear skies, and hence strong insolational heating over the
continent. Thus is established a current of very warm
continental air from the interior of Russia over the north-
ern and central Scandinavian peninsula on to the Nor-
wegian Sea. This current became particularly marked
from June 28-30, July 2-4, and July 8-10.

During these periods humidity determinations at the
coastal stations showed rather high values of relative
humidity, which indicated that the moisture content of
the outflowing warm air masses was extremely high, at
least in the lower levels. The influence of the warm
outflow was felt very strongly at Jan Mayen, and less
markedly even to the coast of Greenland. On June 30
the temperature on Jan Mayen reached 12° C., which is
9° C. above normal, and 10° C. above the probable sur-
face sea temperature, an exceedingly laree difference for
a truly maritime station.

These extensive warm air masses of high absolute
humidity become stagnant and rapidly cooled over the
cold sea surface. Probably in the northern portion th=
cooling process is aided by mixing with cold P. A. from
the anticyelonic region to the north. On July 1 fog is
reported from Jan Mayen and Iceland stations, and in
the following days dense fog is reported from Greenland
to Norway and from Spitzbergen to the English Channel.

" Vessel reports show the fog to be dense not only on the

coasts, but over the entire intervening . sea, rendering
impossible the maintenance of numerous steamship sched-
ules. This great mass of chilled and foggy air simply
extends in one direction or withdraws in another accord-
ing to the prevailing winds, which are always light. For
more than a week there was no marked change in the
situation, the supply of warm air over the sea being main-
tained continuously. After July 10, however, & marked
change took place in the prevailing situation. The last
disturbance to pass along the weak front mentioned above
developed enough energy to render it unstable. The
outflow behind this disturbance brought the foggy air
southward, the persistent trough of low pressure dis-
appeared, and immediately the outward flow of conti-
nentally warmed air ceased. The normal summer flow
of air from the sea to the warmer land surface was rees-
tablished, which on July 12 and 13 brought the foggy
air masses onto the coast of Europe from western France
to northern Norway. The entire coast region as far as
100 to 200 miles inland was densely fogbound. Especially
over Germany the southward movement of the foggy
air mass behind the concluding disturbance brought a
dense fog invasion which extended in a broad tongue
quite to the Alps. But so extensive had been the fog
formation during the preceding weeks that in spite of
such widespread transport of the foggy air masses to
land, the situation over the sea was not improved. The
Norwegian Sea, North Sea, and much of the coast of
Europe remained foggy until July 15-16, when the south-
castward advance of a fresh unstable M. P. A. mass under
the influence of a vigorous disturbance developing between
Iceland and Jan Mayen finally displaced the stagnant
foggy air mass.

Two characteristics of monsoon fog as observed over
the Norwegian Sea and Scandinavian coast deserve
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special mention here. (1) Over the open sea this fog is
never of uniform density, but lies usually in dense banks
with relatively broad and clear spaces between. These
fog banks extend at right angles to the direction of the
motion of the wind, which is always slight. There seems
to be no very satisfactory explanation offered for this
phenomenon. Probably the cooling of the air takes
place over the cold water in the surface layers, and spreads
slowly upwards with fog formation by turbulence effects,
according to the theory of G. I. Taylor.* The wind is
usually light and unsteady, coming in irregular puffs.
Quite possibly the increased turbulence contingent upon
such a wind puff so accelerates the mixing process that
potential fog, so to speak, is released throughout the
accelerated body of air, giving a fog bank. However, no
attempt has been made to correlate the horizontal extent
of such a wind puff with that of a fog bank. They may
not be even of the same order of magnitude. The fact
that the cooling of such an air mass actually takes place
from the bottom, spreading upwards by dynamic tur-
bulence, rather than throughout the mass by radiation, is
shown by the extremely stable stratification which de-
velops. - The theoretical aspects of this question are
considered further under radiation fogs. (2) When this
type of fog is brought over a mountainous coast, as at
Bergen, under the influence of a light afternoon sea breeze,
it pours over the outlying lower mountains in advancing
cataracts, but rapidly evaporates as it comes inland, so
that as long as the sun is above the horizon, the visible
fog does not reach as far inland as Bergen. But towards
sunset the moisture which has been coming in invisibly,
begins to condense and appear as fracto cumulus at from
400 to 600 meters’ elevation on the sides of the higher
mountains inland from Bergen. After sunset there
rapidly develops a dense stratus which later in the night
often becomes thick fog down to the surface of the fjords.
Usually this fog dissipates soon after sunrise the following
day, unless it 1s a case of a real invasion by foggy air
masses as a result of general prevailing winds, when it
may last for days as in the case discussed above.

2. Sea fog.—dJust as monsoon fog is caused by the
cooling over a cold water surface of warm air from land,
so can fog be formed by the transport of air from a warm
water surface to a cold water surface, with subsequent
cooling. This is perhaps the commonest cause of fog
formation over the open sea far from land, so the name
sea fog has been given it. This form of fog is favored by
the same conditions as monsoon fog. The necessary
temperature contrasts in surface sea temperature are

found especially where warm and cold surface ocean

currents come into close contact. Sufficiently high
humidities are always found in the lower layers of air
masses which have been resting long over the sea. Finally
the prevalence of light to moderate winds sufficient to
effect the transport of air is necessary, but light enough
so that the air can become thoroughly cooled over the
cold surface. The air masses most frequently fulfilling
these conditions are M. Trans. A. masses, for usually
in periods between marked cyclonic activity in middle
 latitudes such air masses prevail, being the aging relics
of the P. A. outbreak which ended the preceding cyclone
series,

Special mention should be made here, for the sake of
completeness, of the case when the air mass transported
from warmer to colder water is really the W. A. or T. A.
in the warm sector of a vigorously developing cyclone.

¥ The Formation of Fog and Mist, Quart. Jour. of the Roy. Met. S8ae., Vol. XLIII,
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Then it is possible to get fog even with high winds. But
in that case it is the T. A. characteristics of the air mass
which are primary, the particular local temperature
contrast not being in the least essential. Hence such
fogs belong under the more general T. A. type, not under
sea fog.

The best known producer of sea fog is the Labrador
Current.®® The steep horizontal temperature gradient
on the sea surface between this current and the warm
waters of the Atlantic a little farther south (the Gulf
Stream) is extremely favorable to fog formation. The
regions of greatest frequency are over the cold sea north
of Iceland toward Spitzbergen and westward to Green-
land, and from the Newfoundland banks west-south-
westward. In these regions any wind with a southerly
component crosses closely crowded sea surface isotherms,
hence rapid air mass cooling follows, while in summer
also a west wind brings warm air from the continent to
form monsoon fog over the Newfoundland banks
region. Unlike monsoon fog, sea fog is quite frequent
in winter, for the temperature contrast between sea cur-
rents persists throughout the year. But sea fogs also
have their greatest frequency in late spring and early
summer, for the temperature contrast is greatest then.
Southern waters are more rapidly warmed than northern,
especially due to the large amount of floating and melting
ice in the currents of northern origin. The Labrador
Cwrrent is famous for the icebergs it brings down in
late spring and early summer. Furthermore, air tem-
peratures are higher in summer, the specific humidity
greater, and consequently coohng through the same
temperature interval produces more condensation than
in winter. -

The extreme case of summer cooling by ice occurs
over the Arctic seas. Over the drift ice on the North
Siberian Shelf, according to the observations of Professor
Sverdrup,? the isothermal cooling by the ice in summer
frequently extends to 200 meters or more. Fog is very
frequent in this cold air stratum, reaching its maximum
in August, when it is prevalent 37 per cent of the time,
being most marked in the early morning. During the
cold season, October to April, fog is prevalent but 2
to 3 per cent of the time. The big increase is from May
to June, the big decrease from September to October.
During the cold season, in calm weather, very great
cooling of the lowest air layers over the solidly frozen
and snow-covered sea surface takes place by radiation
in the continuous absence of the sun. But the absolute .
humidity of the extremely cold air is so low that the
amount of condensation attendant upon supersaturation
is not sufficient usually to give fog, but merely a very
tenuous turbidity which has been designated in the
Maud observations as haze and which is characteristic
of the coldest weather.

Sea fog, like monsoon fog, is often characterized by
successive dense banks with clearer intervals between,
when the winds are light. Presumably the reason is the
same, for the physical processes in the formation of these
two fogs should be identical.

3. Tropical air fog.—Tropical air fog is the perfectly
general term applied to the fog formed in the lower levels
of a warm air mass moving from lower to much higher ‘

2 The Newfoundland banks fog has been especially studied by G. I. Taylor on board
the Scotia. He has obtained some aerological data in the region, and has shown how,
in one instance, the past history of the fogey air mass in its movements from warm to
cold surface back and forth is reflected in the vertical temperature gradient and humidity
distribution in the mass.

% The meteorological observations taken on the Maud expedition, 1922-1925, have
not yet been published. Professor Sverdrup, who is at present working them up,
was kind enough to show the observational data and frequency curves for fog, and to
discuss the prevailing meteorological conditionsl ’ '
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latitudes. . Monsoon and sea fogs are a result of the cool-
ing of an air mass in its lower layers due to special local
surface temperature contrasts. Tropical air fog is the
result of cooling due to the general poleward temperature
decrease of the earth’s surface. By reason of the great
variety of geographical, seasonal, and individual modify-
ing influences that affect this phenomenon in different
parts of the world, this discussion can not be made per-
fectly general. The phenomena of tropical air fog and
tropical air haze are considered as they characteristically
appear from western Europe northward. Thereafter fol-

low certain remarks pertinent to conditions in the Umted.

States.

Any air mass which is displaced far to the north over
an increasingly cold surface gradually acquires certain
characteristics.” It becomes markedly warmer at all
levels than its surroundings. Since the cooling takes
place especially in the lowest layer, working upwards by
turbulence, the tendency is to increasing thermal strati-
fication, with the formation even of small inversions.
Such an air mass usually leaves its source, the Azores
aicH, thermally quite stable, and rather dry. Gradually
the cooling by contact with the cold surface below and
by radiation above increases the relative hivmidity in the
lower levels to near saturation values, so that eventually
condensation takes place.

The quickness with which saturation is reached is
doubtless accelerated by evaporation from the sea surface
in the earlier history of the air mass. - An inland station
probably rarely gets real T. A. fog unless the air mass
has previously traveled over water, or has been subjected
to the unusually strong cooling of a snow-covered land
surface or at least a land surface which has recently been
covered' by an anticyclonic air mass very much cooled
in its lowest layers. Mixing with the cold remnants of
such an air mass, usually saturated, is doubtless often a
contributing factor.

The condensation products are of necessity stratiform,
ground fog or low stratus which may eventually give a
thick fine drizzle, and often at the inversions above, they
are the wave formations, st. cu. or a. cu. Thus a strong
southerly surface air current coming into northerly lati-
tudes is characterized by fog, low stratus, and drizzle,
which may be of very wide extent, depending on the cur-
rent in which it is found.

Certain characteristics of this type of fog deserve
special mention. In the first place, it does not usually
attain the extreme density of the radiation fogs, being
rather in the nature of a dense fine drizzle. However,
over cold water (see sea fog, above), a snew or ice covered
land surface, or when the stratified air flow is forced
upward orographically, there may be dense fog pro-
duced. In genersl a T. A. current In winter time at more
than 45° latitude must be characterized by a strong flow,
otherwise it would not have reached there. Surface
winds in such a current are usually fresh to strong, hence
T. A. fog is characterized by its occurrence in fresh winds,
sometimes even strong or of gale force. It is the only air
mass fog which can occur in strong winds. Only the
extremely stable stratification of the T. A. mass prevents
its rapid dissipation by turbulence. Finally, this type of
fog occurs on land, especially in the foremost or advance
portion of a newly established T. A. current, for here the
warm air is ususlly passing over a surface where anti-
cyclonic conditions have recently prevailed, and which
has therefore been cooled by radiation processes. Fur-

¥ For s complete dlscussmn of the influences at work on such an mr mass, and the
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thermore, there is doubtless much mixing with the cold
and usually saturated (by warm front rain) remnants of
the retreating cold air mass which have been left in valleys
or behind mountain ranges, etc. Hence, the most
marked T. A. fog occurs in a broad well defined zone
advancing with the warm current itself. Rarely over a
continent, even in winter, is fog or drizzle reported from
a station which has been in the warm current for more
than 24 hours, though over the sea this may happen.
The seasonal influences on this phenomenon are very
marked, due to their effect on T. A. characteristics.
The insolational heating of a continental surface in sum-
mer is such that even an air mass of subtropical origin
may be further heated over the Continent of Europe to
such an extent that it becomes conditionally unstable
and may even give rise to thundershowers. Naturally
the fog and stratus products of the ‘wintertime thermal
stratification are quite out of the question under such
conditions. Over the sea, however, it is possible in sum-
mer as well to get the typical tropical air fog and drizzle,
but it is much less pronounced than in winter, because
the poleward temperature gradient is so weakened. This
means (1) that the flow of air currents is weakened
(smaller displacements occur), and (2) that the same
displacement produces less cooling. The really signifi-
cant summer types are the monsoon fog and sea fog dis-
cussed above, for which the continental heating acts most
favorably. /
4. Tropical air haze—Air masses of subtropical origin
are characterized by comparatively poor visibility even
before condensation products begin to form. Over west-
ern Europe this characteristic turbidity is such that even
under the most favorable conditions (on Scandinavian
mountain stations) the visibility can not exceed about 30
kilometers, whereas air masses of polar origin under the
same conditions, if the visibility is unobscured by con-
densation pioducts, give visibilities of from 150 to 300
kilometers. This turbidity is so characteristic of T. A.
masses that Bergeron considers it as the most conserva-
tive distinguishing property of air which is really of sub-
tropical origin, and calls it opalescence. Its opalescent
character is shown by the fact that outstanding objects
(mountain ranges, etc.) when seen through it by scattered
light appear blue, and at only moderate distances become
indistinet in a bluish haze, while the sun as seen through it
by direct light is distinctly red. This opalescent turbid-
ity is the effect of the selective scattering of the short-
wave elements of the sun’s light by numerous extremely
small dust particles. That these particles are uniformly
diffused throughout the air mass in spite of its marked
stratification proves that the diffusion occurred very
early in the history of the mass, presumably at its source.
Supposedly it became thoroughly infected with the dry
dust blown up in dust storms which are so frequent over
the extensive desert regions of northern Africa, and which
affect the dust content even of the Azores HigH. In the
slow journey northward all the larger dust particles
gradually settle out, leaving only the very smallest,
which produce opalescence. As soon as the condensa-
tion processes begin, a washing out of these small particles

is initiated. Hence tropical air haze is most pronounced

in summer, especially over the continents, where the
T. A. masses remain dry, and the continued infusion of
dust, at least in the lower levels, may occur.

The extreme case of this type of poor VlSlblhty oceurs
with the dry laden sirocco from the dcserts in Asia
Minor, and the true desert sand storms, which as sug-
gested, are probably the obscuring phenomena whose
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last remnants persist throughout the life history of the
T. A. mass as opalescence. Every intermediate degree
of visibility is possible at one point or another in the
history of the T. A. mass.

Over continental Europe the effect of the continued
infusion of dust and smoke in summer time added to the
effect of true opalescence, may reduce the visibility in
dry weather to a very few kms. Shimmering and other
optical effects of strong local heating contribute further
to the uncertainty of the visibility.

The poor visibilities that accompany T. A. at all
levels are indicated by the visibility observations of W.
Peppler.?® He finds that from the high stations Hoch-

. enschwand and Grosser Belchen the frequency of good
visibilities toward the Alps in the south falls to almost
zero with winds between SE. and SSW. This is in spite
of the fact that such winds are Fohn winds, usually with
clear skies and low humidity, both conditions favorable
to good visibility. The probable explanation is to be
found in the fact that such winds usually bring T. A. from
the south, with its obscuring opalescent haze or dust.

The properties of T. A. masses over the United States
depart considerably in some respects from the character-
istic European type just considered. The occurrence of
parallel phenomena is scarcely to be expected. The prin-
cipal modifying influences are two: (1) The source of
such air instead of being an extensive dry continental
region or a great maritime anticyclone of dry descending
air is rather the moist and often thermally unstable air
of the Gulf of Mexico. To a certain extent, however,
especially in summer, such air may be drawn from the hot
and dry southwestern part of the United States and
northern Mexico. But, in general, instead of increasing
land areas to the south they are decreasing. (2) The
United States is situated so much further south than the
regions considered above that the T. A. currents have
had much less latitudinal displacement and cooling, and
are much more frequent. It is quite possible that the
characteristic fog and drizzle is not yet developed. It
seems to be a fact that comparatively fine weather is
often experienced in the eastern United States after the
passage of the warm front, the only fog being of the pre-
frontal type to be considered later. At all events, no
certain conclusions can be drawn as to the occurrence of
the characteristic T. A. phenomena in the United States
without more precise observations in conjunction with
an accurate air mass analysis.

B. TYPES DUE TO THE TRANSPORT OF COLD AIR OVER A WAEM
WATER SURFACE

Fogs of this type are of no practical importance, for by
their very nature they are unable to become dense or to
persist. They are interesting theoretically because they
form in a situation which must of necessity be unstable
and evanescent, and because undue importance has fre-
quently been attached to this process in theories of fog
formation.

1. Arctic Sea smoke (Calwagen’s Sjorok).—In the
Arctic regions the rising of clouds of vapor, or steaming,
over the open sea has often been observed in the pres-
ence of very cold air. The phenomenon is seen best
when the sudden opening of a rift in a solidly frozen sea
surface exposes water to an atmosphere which has been
cooled to an extremely low temperature by radiation over
the continuous snow surface. Then the steam may rise

¥ Die Meteorologischen Badingungen der Fernsicht, besonders der Alpensicht, im
Siidlichen Schwarzwala, Das “7etter, 42 Jahrgang, 1925; p. 122.
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in such clouds as to resemble the smoke clouds of a con-
flagration. This phenomenon is simply due to the fact
that the vapor pressure over the relatively warm sea water
is so much greater than the saturation pressure in the
extremely cold surface air that evaporation takes place
at a rate which immediately produces supersaturation,
and condensation as steam, or sea smoke fog, exactly as
occurs over hot water in an ordinary atmosphere. The
fact that this process renders the cold air mass unstable
wherever it occurs is shown by the rapidity with which
such vapor rises and dissipates. Therefore sea smoke
can develop into a dense and persistent fog only under
exceptional circumstances. The following conditions are
necessary:

(1) There must be a very stable stratification, pre-
sumably a marked surface inversion in the cold air mass
to begin with, otherwise the heating from the warm water
surface must quickly render it so unstable that the fog
will rise as smoke and dissipate. Such an inversion can
not form over warm water. The air must be recently
brought from a very cold land surface without the
destruction of the inversion. This is best effected by a
gravitational flow and spreading out of radiation cooled
air over a warm water surface, underneath the warm air
already prevailing over the water surface.

(2) The air temperature must be so low that a com-
paratively small amount of moisture will produce super-
saturation, otherwise the heating which takes place during
the lengthy saturation process will destroy the thermal
stratification. In this connection it is worth noting that
the weight of water per unit volume of saturated air at
10° C. is four times that at —10° C., and more than
twenty times that at —30° C.

There are certain instances where these conditions are
sufficiently satisfied so that dense fog is produced over
warm water. But at best such fog can be only a transi-
tion phenomenon, persisting during the rapid transforma-
tion of the air mass properties, except as there is a con-
tinuous fresh supply of the cold air. In the Arcticregions,
in the absence of strong winds, the normal condition both
summer and winter is a very stable stratification of the
lowest air layers, in summer by surface cooling, in winter
by radiation, over the snow-covered surface. The open-
ing of rifts in the ice over the Arctic seas may produce
real fog locally. According to Professor Sverdrup there
appears to .o . coirelation between the rather rare occur-
rence of real feg over the Aretic ice in very cold weather
and the appearance of ¢pen spaces over the sea, but the
complete darkness at that time of year makes reliable
observation impossible. Certainly the marked occur-
rence of fog in cold weather at the edge of the solid ice
cover and the open sea in the spring is often due to the
spread of very cold air from the ice. The occurrence in
winter of dense fog over oren water in the Baltic Sea
with a temperature of —10° C. or colder, is doubtless due
to the spread of surface cooled air from the land. The
same thing is observed over the Bay of Fundy, but over
the open sea farther from shore it disappears. Another
instance occurs in the northern Norwegian fjords in winter
when the very cold air from the surrounding mountains, -
cocled by radiation, drains into the valleys. In all these
cases there are cold air sources near the warm water sur-
face which give rise to and maintain a marked surface
inversion over the warm water surface. Over the open
sea, far removed from cold land or ice, such a fog is im-
possible, for the development and maintenance of the
inversion is impossible. Yet the possibility of the forma-
tion of ordinarv sea fogs, such as those in the late spring
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and early summer over the Newfoundland Banks, is fre- %damp land -'.';iurf&ce. However, in the case of small

quently attributed to the presence of colder air over warm
water.®? Everything speaks against such a possibility.
Sea fogs always occur over relatively cold water, and are
most marked during the season when land surfaces are
warm, and when the edge of the continuous Arctic ice is
far to the north. At such times there is no possibility of
the formation of a surface inversion in cold air over rela-
tively warmer sea. And that fog formation can not take
place in cold air over warm water without such an inver-
sion is confirmed by the following theoretical and observa-
tional facts:

(1) The lower levels of the air mass are heated both by
direct contact with the warm water surface and by the
condensation of the vapor in the air mass. The cooling
incident upon the evaporation of the moisture from the
water takes place at the expense of the heat content of
the warm water surface. Hence there occurs a transfer
of heat from water surface to air layer by evaporation
and condensation.

(2) The convective turbulance which is consequent on
this heating of the lower air layers, in the absence of a
surface inversion, rapidly conveys both heat and moisture
upward, the effect being to establish an adiabatic or even
superadiabatic gradient for saturated air. That this
represents what actually occurs is shown by the charac-
teristic properties of a P. A. mass advancing over a
warmer sea surface. Such an air mass is alwaeys charac-
terized by a steep vertical temperature gradient and cu.
ni. convection, intense rain, hail, or snow showers, and
extremely clear air below the cloud level, except as it is
intermittently obscured by precipitation. Clearly the
.moisture from the warm sea is carried aloft and con-
densed there, not as a surface fog.

(3) There is not, so far as ascertainable, a single
instance of an upper air observation of a sea fog without
very stable stratification in the lower air. To justifv
the possiblity of a general fog formation in cold air over
a warmer water surface without the existence of a surface
inversion, it must be shown not only that the foggy air
is colder than the water surface, but also that there is a
rather steep temperature gradient prevailing at least to
the top of the fog, for there must of necessity in the course
of the fog formation have been some further heating of
the air which is assumed originally to have been without
inversion. It is quite possible to have ordinary sea fog
‘over a sea surface which is slightly warmer than the
foggy air, with a stable air mass stratification, for then
it has either been formed over a colder water surface
and brought by advection over the warmer water and
not yet dissipated, or it has been produced by the cooling
of the air mass by adiabatic expansion. This latter case
occurs especially with marked cyclonic activity, and is
considered later under prefrontal fogs.

2. Autumn steam mists.—Exactly the same conditions
which give rise to Arctic sea smoke are the cause of the
steaming visible over lakes and rivers in the early morn-
ing in clear autumn weather. In this case the air has
been cooled over the land surfaces which cool by radia-
tion so quickly, and has drained into the valleys, drift-
ing over the much warmer water bodies. Exactly the
.same reasoning that holds against the formation of ex-
tensive or persistent low fog over a warm sea surface
without the existence of a marked surface inversion
holds against fog formation by this steaming process
over extensive bodies of warm water on shore, and for
the case when relatively cold air is brought over a warm,

39 See for example G. I. Taylor, The Formation of Fog and Mists, p. 256.

bodies of warm water surrounded by higher land, the
effect of the gravitational sinking of cold air in pro-
ducing surface inversions over the warm water must be
considered. ' The ground layer of air cooled by contact
with the cold land surfece may collect in a narrow valley
or small lake basin with a degree of coldness and to such
a depth that the formation of real steam fog becomes
possible without destroying the inversion. The fact that
the cold air is nearly saturated to begin with helps the
process by decreasing the amount of steaming or evapo-
ration which is necessary to produce fog. Actually such
a fog is a radiation fog, for it is the contact of the air
with the radiation cooled land surface which makes it
possible, the warm water body simply supplying mois-
ture. In other words, the fog is simply a radiation
ground fog with this difference from the usual ground fog,
that the moisture is supplied after the cooling by radia-
tion occurs instead of beII())re. As soon as the Inequalities
of land elevation are removed, or the water surface is so
extensive that the cold air can not eollect to an appreci-
able depth, the phenomenon becomes impossible, the
warm water steam rapidly dissipating. Therefore there
can not result a general fog formation in cold air over a
warm damp land surface, any more than there can result
a general sea fog over warmer water, because the forma-
tion of a surface inversion is equally impossible.

The actual fog dissipating effect of a warm water sur-
face is shown by the often observed thinning of early
morning radiation fogs over lakes and rivers, when there
is no marked valley gravitational effect to counteract it.
This principle is so well known to German commercial
aviation pilots that it is a regular practice in the case of
low radiation fog to shift the route so as to follow the
course of a river. They frequently find it possible to
come through in this manner when 1t is quite impossible
over land. They remark that from above the fog the
river course is always visible by the thinning of the fog
over it, the result of convectional currents due to surface
heating. At the same time visible steaming is taking
place from the water surface.

The similar effect of a large inland lake has beep statis-
tically studied by Dr. E. Kleinschmidt,* at the Bodensee,
in Germany. He finds that in autumn and winter, when
the water surface is warmer than its surroundings, there
is a marked increase of stratus and strato-cumulus forma-
tion above the lake, even to a distance of 20 kilometers
inland. This is the result of the supply of heat and
moisture to the air above the water; convection follows,
and the condensation occurs in the higher levels. In
autumn, there is a very marked decrease in fog frequency
in the vicinity of the lake. In winter there is some
increase, which Kleinschmidt attributes to the supplying
of moisture to the air, which is condensed over the sur-
rounding cold land at a time when inland air is very
poor in moisture content. In other words, the air is
sufficiently cooled over the cold land so that the slight
further evaporation necessary to saturate it can take
place without sufficient warming to destroy the thermal
stability. Earlier in the cold season the lake is still so
warm that the thermal stability of the land-cooled air is
rapidly destroyed. In spring and summer, when the
water surface is colder than the land surface, so that
cooling occurs over it, there is & marked decrease in low
cloud in the lake region, but fog frequencies are from

30 “Der Einfluss des Bodensees auf die Bewolkung und die Nebelbildung,”” Wirttem-
bergischen Jahrbiichern fiir Statistik und Landeskunde, Jahrgang 1921/22, Sonderab-
druck by Kohlhammer, Stuttgart, 1923. See also W. Peppler, ‘‘ Lokale Stratusbildung
am Bodenses,”’ Beitriige zur Physik der freien Atmosphére, XIII Band, 1926,
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two to seven times what they are further inland. These
results show conclusively that cooling and consequent
thermal stratification over cold water produce fog and
decrease cloud, while evaporation and heating over warm
water produce convection and condensation aloft but
can not of themselves produce surface fog. That requires
a marked surface inversion, maintained by a steady cold
air source, the product of mdmtlon cooling.

FOGS AND HAZE (CHARACTERIZED BY A
MARKED INVERSION)

II. RADIATION

A. GROUND FOG (SURFACE INVERSION), GEORGII'S SENKUNGSNEBEL.

Ground fog is the low fog formed on clear almost calm
nights, especially in the autumn. It is densest near the
ground and diminishes in density with increasing eleva-
tion, never extending to very great elevations. It is
characterized by an inversion whose base is at the ground
and upper edge at the top of the fog, or if not a marked
inversion, at least isothermalcy. It is evidently the
product of the radiational cooling of a single night, usually
dissipating in the course of the morning of the following
day, and with its dissipation there disappears all trace
of the ground inversion. It is, however, due to the readi-
ness with which it is formed and its very general dis-
tribution, a considerable nuisance. It may form over
any low or flat inland surface, on many clear, quiet nights,
with sufficient density to render early morning aviation
activity impossible.

It is in the vicinity of large cities that this type of fog
appears in its worst form. The role played by hygro-
scopic nuclei in forming the very dense city fog of numer-
ous small particles with less than saturation humidity
has been discussed in the first part of this paper. The
result is that even a ground fog can assume proportions
in a city such as London that are impossible elsewheve.
It may even persist from day to day, growing denser
and thicker every night, until it is cleared away by wind.
Even the densest London fogs are often of this local
ground type, as shown by observations from surrounding
stations, and not of the more extensive high inversion
type, which are so characteristic of the continent in late
{all and winter.

The physical processes effecting the cooling of the lower
air layers and the resulting condensation forms are
doubtless rather complicated. W. Georgii explains this
type of fog very simply, by assuming that condensation
takes place on the larger dust palblcles which begin to
settle in the afternoon as soon as the convective actlwtv
" instigated by the sun’s action during the day has ceased.
The lower air levels cool by radiation from the earth's
surface and become damp, the dust particles settle down
into this layer, and condensation begins on them, the
resulting fog being thickest near the ground, where the
cooling is greatest and the most dust particles are assem-
bled. It 1s from the sinking of the dust nueclei that he
gets his name ‘“‘Senkungsnebel.” As concluding evidencé
of his theory he remarks that when visible layers of smoke
and dust haze were evident in the late afternoon of a clear
day, fog formation ahmost always followed during the
night. Against this theory it may be remarked that all
the evidence points to the fact that it isnot the large dust
particles that act as nuclei. The correlation between fog
occurrence and afternoon dust or smoke haze may be
attributed to the fact that where there is visible smoke
there are also probably hygroscopic nuelei, but with more
reason-to the meteorological consideration that dust and
sioke_ haze are the result of prevailing light winds and
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a stable stratification, which are essential conditions for
the formation of ground fog. In other words, the fog
and haze are both the result of certain meteorological
conditions, and neither one to any extent the cause of
the other. Before attempting an explanation of the
formation of ground fog, certain theoretical and observa-
tional facts about the factors involved will be considered.

G. I. Taylor in a theoretical consideration® of the réle
played by direct conduction of heat from air mass to
ground surface, and the molecular diffusion of water
vapor, in an air layer perfectly at rest over a ground sur-
face cooling by radiation, came to the following conclu-
sions:

(1) The greatest possible vertical extent of the effect
offconductive cooling in the course of one night is about
4 feet.

(2) The molecular diffusion of water vapor downward
can take place at about the same rate as cooling by
conduction upward. In other words, in the course of
one night dew can be deposited in calm air from a layer
extending only to 4 feet above the ground.

(3) Since in the formation of ground fog cooling spreads
upward from the cold surface to ‘much greater heights than
4 feet, the effective cooling factor must be dynamic tur-
I)ulenee not conductive cooling.

The correctness of Taylor’s calculated effect of cooling
by conductlon to the ground is demonstrated by Hell-
man’s observations at Potsdam,* taken over a level
grass surface during perfectly clear nights in August and
September, 1916. The successive average differences
of minimum temperatures at 5, 10, 15 (etc.) to 50 centi-
meters above the ground are as follows: 0.80°, 0.44°, 0.33°,
0.24° 0.16°, 0.09°, 0.05°, 0.03°, the average difference
between 5 and 50 centimeters elevation being 2.7° C.
for 14 nights, the regularity such that the extreme values
were 2.3° (., and 3.1° C. Such regularity indicates
perfectly calin air on all oceasions near the ground.

Taylor's calculations take no account of the cooling of
the air by direct radiation into space.

A. Defant has considered especially the working of this
factor in the lower air strata both observationally and
theoretically.® His principal results may be summarized
as follows:

(1) From the analysis of humidity and thermograph
records over a 10-year period at IXremsmiinster and Tiflis
on clear calm nights, he found that the air cooling during
the night varies directly as Ta-T,, where T, and Ty are
air and ground surface temperatures. But T,—T, varies
inversely as the moisture content of the nir. Hence the
air is cooled primarily from the ground, and this cooling
is hindered by a large moisture content simply because
the ground cooling is hindered, by the well-known
blanket or greenhouse effect of atmospheric moisture.
But Defant found by a similar analysis on Sonnblick
(3,105 meters), where the nightly cooling is much less than
at low levels, that this cooling 1s directly proportional to
the mositure content of the air, hence that cooling by
direct radiation from the air i1s the principal factor.
These results are all in accord with Emden’s assumption
that the cooling of air by radiation is directly proportional
to its vapor content. (2) Defant’s theoretical considera-
tions (based on Emden’s radiation theory) indicate that

’1 Loe. cit. The Formation of Fog and Mists, p. 261.
= ffher die nichtliche Abkiihlung der bodennaheu Luftschicht, Sltzungsberlchte der
koniglichen Preussischen Akademie der Wissenschaften, No. XXXVIII, 1918,
% . Die nichtliche Abkiihlung der unteren Luftschichten und der Erdoberﬁﬂche in
Abhmglgkelt vom Wasserdampfgehalt der Atmosphire, Met. Z., 1918.
ber die niichtliche Abkiihlung der untersten Staubbeladenen Luftschichten, und
Dle n#chtliche Abkiihlung der untersten Luftschichten bei bewegter Luft, Annalen der
Hydrographie und Maritimen Meteorologie, 1919, Vol. XXXVII.
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dust may play the same role as water vapor in effecting
cooling of the air by radiation. Furthermore, the sinking
of cooled dust particles in numerous small cold air enve-
lopes may materially increase the vertical ““Austausch,”
or turbulence effects, in the case of stable stratification.
(3) The effect of wind (from 10 years records at Krems-
miinster) is always toward a relative warming of the
lower air strata. Defant finds that already at force 3
Beaufort no further warming can be noted, or that all
local effect of ground cooling is effaced. In this connec-
tion it is interesting to note that Taylor finds that of the
70 instances at Kew Observatory between 1900 and 1905
of fog formation during the night., in 62 cases was the
wind force at midnight less than 114 m/s, in 5 cases be-
tween 114 and 214 m/s, and in 3 cases between 215 and
4 m/s. Thus a wind force greater than the lower limits
of 2 Beaufort even at midnight is enough to prevent fog
formation before morning.

In the light of these various facts, the following seems
the most probable explanation of the process of ground
fog formation. Let there be assumed clear sky, so that
the radiation process is unhindered, and the presence of
an air mass of moderate moisture content and stable
stratification, which permits of very light movement and
small dynamic turbulence in the lower levels. If there
is absolute calm the mass will cool throughout by radia-
tion of vapor or dust content, perhaps 2° to 3° C. Unless
the mass was very moist to begin with, the amount of
this cooling will not be suflicient in one night to produce
fog formation. The layers directly over the ground, up
to 3 or 4 feet, will cool further by conduction to the ground
which has become colder by radiation, an amount which
is greater the drier the air mass throughout. This cool-
ing may be more than 4° C., as Hellman’s observations
show, directly at the surface. The result is supersatura-
tion of the lowest foot or even meter of the air, which is
dissipated by the formation of heavy dew on the cold
grass through the molecular diffusion downwards of the
vapor. Thus over a level landscape, with complete calm,
there is only heavy dew formed unless the air was very
damp originally, or extremely hygroscopic nuclei are
present.

If, however, the land surface is uneven, the gravita-
tional effect collects the heavy air previously cooled prob-
ably to saturation by conduction to the ground, in low
lying places to considerable depths. A very slight further
cooling of this air by direct radiation to space effects
supersaturation. Taylor’s calculations show that this
can not be dissipated by molecular diffusion, hence fog
formation occurs in low lying sections in complete ealm.

Finally, consider the effect of dynamiec turbulence. As
soon as there is the slightest air movement, the dynamic
turbulence prevents the formation of a marked ground
inversion, the cooling effect being distributed more rapidly
upward. If the velocities are light (2 m/s), the dispers-
ing effect is not rapid enough to efface the ground cool-
ing, but rather makes its influence felt throughout the
lower layers, instead of only the ground layer. In this
case a much greater mass of air is cooled by the ground
effect and often saturated. Since the saturation can not
be dissipated by dew, this is the condition most favor-
able for general ground fog formation. As soon as the
air movement becomes a very little increased, the dis-
persion of the ground cooling, hence relative warming of
the lower air, becomes such that fog formation is out of
the question. Ground inversions can no longer occur.
But even when there is such turbulence that saturation
of the lower air is impossible by cooling, the ground sur-
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face may by radiation fall below the saturation tempera-
ture of the air, in which case light dew will be deposited.

In general, high humidity in the cooling air mass is
favorable to the formation of ground fog, in spite of the
fact that it decreases the radiational cooling of the ground
surface. This effect is more than outweighed by the
increased direct radiational cooling of the air to space
and by the increase of the saturation temperature in the
air. Dampness of the ground surface seems also to be
favorable. Probably it increases the radiation from the
surface, and until the ground has cooled below the satura-
tion temperature of the air, it results in greater evapora-
tion to the air and so increasing humidity. :

The roéle played by relatively warm-water bodies in
supplying moisture to the cooled air to facilitate fog for-
mation under favorable circumstances, as well as the usual
fog-dissipating effects of such warm-water surfaces, have
been considered in detail under sutumn steam mists,
above.

Since clear skies are essential to the formation of
ground fogs, they occur in anticyclonic situations. Fur-
thermore, since they require stable stratification and light
winds, they occur only in C. Trans. A. masses; in other
words, in anticyclones that have aged and become ther-
mally stable. In the first outbreak of a P. A. mass they
are conspicuously missing, for the characteristic fresh
winds and relative instability of such a mass result in a
degree of turbulence which makes ground inversions quite
impossible.

B. HIGH FOG (UPPER INVERSION) GEORGII'S STRAHLUNGSNEBEL

This type of fog is especially frequent over western
continental Europe, wherefore the following discussion of
the typical phenomenon applies to that locality. Certain
more general considerations follow the discussion of the
conditions and causes of its formation.

High fog is characterized by a marked inversion above
the ground (from 200 to 2,000 meters), just as ground fog
is characterized by a surface inversion. The greatest
density of the fog is at the base of the inversion, as the
greatest density of ground fog is at the ground. High
fog may extend from the ground all the way up to the
inversion, with increasing density, or it may be quite
clear of the ground, appearing simply as a dense, low
stratus, almost without motion. Like ground fog it is
characteristic of anticyclonic situations, usually very
large and stagnant anticyclones. It is less local than
ground fog, extending uniformly over extensive regions,
and much more persistent, sometimes enduring for weeks.
The high fog inversion persists day and night, even though
the fog may sometimes dissolve by day, whereas the
ground fog inversion is usually the radiation effect of a
single night, never persisting through the day except as
the fog itself is rendered extremely stable by a dense pol-
lution of the atmosphere with hygroscopic nuclei.

The very marked characteristics of high fog are best
shown by a brief consideration of a good example. A
very excellent case is one treated by W. Peppler,** which
occurred over all Germany from November 15 to Decem-
ber 6, 1921, covering all the lowlands with fog and low
stratus, from which the highest Mittelgebirge stations
protruded. Statistical averages for the entire 21-day
period for 19 stations ranging {rom the lowest plain ele-
vations (Mannheim 100 meters) to the mountain tops
(Hochenschwand 1,005 meters, Feldberg 1,270 meters)

3 Ein Beitrag zur Kenntnis des Nebels, besonders in Siidwestdeutschland, Das
Wetter, 41 Jahrgang, 1924, pp. 173-176.
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showed the following situation: (1) An average tempecra-
ture of —2° C. in the plain, decreasing to —4.7° at about
700 meters, and increasing at least up to Feldberg (1,270
meters), which had 0° C.; (2) average relative humidities
increasing from 80 per cent in the plain to 97 per cent at
700 meters and decreasing to 61 per cent at 1,270 meters;
(3) average cloudiness of from 50 to 90 per cent up to 450
meters, decreasing to 28 per cent at 1,270 meters, and a
total duration of sunshine ranging from 9.2 hours at one
valley station up to 152 hours at Feldberg. These are
21-day averages that do not show either the conditions
at the top of the inversion or the abruptness of the inver-
sion. But they show clearly the persistence of a low cold
and damp air layer, with a large inversion above, the
average elevation of whose base was 700 meters and top
above 1,000 meters. Over northern Germany the same
contrast existed between the Brocken (1,153 meters) and
the lowland stations (Potsdam, Magdeburg, etc.).®® On
the Brocken, from November 23 to December 1, the
average temperature was 1.7° C.; humidity, 19 per cent;
cloudiness, 6 per cent. In the lowlands the average
temperature was about —5° C.; humidity, 85 to 90 per
cent; persistent fog and cloudiness, 50 to 100 per cent.
During the entire period the situation was anticyclonic,
a stagnant anticyclone of great magnitude being central
over southern Russia, the winds light southeast. Such
striking situations are so frequent over Germany that
they have been much studied and a great amount of
observational material gathered showing surface and
upper air conditions.®* In individual cases the tempera-
ture inversion may exceed 15° C.

Evidently the first step in the explanation of high fog
is the explanation of the temperature inversion. It
may be possible, as Georgii maintains, that a ground fog
can pass over mto & high foz as a result of marked
radiational cooling of an air layer above the ground,
due to great dust or vapor content of the radiating
layer. Georgii thinks he has aerological data showing
such a development in a few cases. But at any rate
such a formation must of necessity be rather local.
That the usual extensive anticyclonic developments of
inversions accompanied by high fog are not the result,
but rather the cause of the fog formation is shown by the
fact, which Georgii points out with excellent lustrations
from German aerological data, that the inversion usually
exists long before the fog appears. It may be gradually
intensified for some time after the fog formation appears,
however. These very marked temperature inversions,
as Georgii and many others have pointed out, are the
surfaces of subsidence in aging anticyclones. Consider
the case of an extensive outbreak of P. A. in winter.
Such a mass leaves the arctic regions as a strong outflow,
very cold at all levels. It flows southward with de-
creasing movement. If it has advanced by an inland
route over Russia and. the Baltic, it usually becomes
quite stagnant over southwestern Russia, or if its path
was further to the west, over the Norwegian Sea and
Scandinavia, it may become stagnant over western
Europs (Germany and Poland). Such a stagnant mass
of cold air, by its greater density, constitutes an anti-
cyclone. But it also represents a very great amount of
potential energy, which even before stagnation is com-

¥ Bee (. Grobe, Witterungsanomalie au! dem Brocken im Nov. und Dez. 1921, and
R. Siiring, Auffallende Trockenheit auf dem Brocken im Nov. und Dez. 1921, Met. Z.
1922, pp. 152-154.

® See W. Qeorgii, Ursachen der Nebelbildung, 1920: W. Peppler, Ein Beitrag zur
Kenntnis der Nebelbildung, 1924; and (G. Hellman, Der Nebel in Deutschland, Sit-
gungsberichte der Preussischen Akademie der Wissenschaften, 1921, No. LII. Especi-
ally has W, Peppler found for 112 cases of kite ascents at Friedrichshaften in high fog an
average temperature inversion of 6.8° C., an average humidity decrease in the inversion
from 100 to 49 per cent.
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plete begins to be transformed into kinetic energy and
heat energy by the settling of the air mass. The gradual
settling of this mass, with its horizontal outspreading,
establishes an anticyclonic circulation which in turn
leads to a dynamic compression of the mass and growth
of pressure at the center. Thus the anticyclone becomes
of vast extent, rather symmetrical and very high pressure
in the center. The upper portions of the air mass are
warmed by both dynamic and adiabatic compression.
The lower levels, near the earth, remain rather stationary.
The net effect is & flattening out of the mass, a crowding
of the surfaces of equipotential temperature,® hence
the development of an inversion at the level where the
stationary lower air layer passes over into the spreading
and settling portion of the mass. Such an inversion
surface as shown by Georgii’s excellent data has its
maximum elevation at the center of the anticyclone,
and slopes away slightly toward the outer edges.

This explains the temperature inversion but by no
means explains the fog. That is dependent in part upon
the history of the air mass. When its route has been
over land, over the Baltic to southwestern Russia, the
lower layers are rather dry and cold from the very first.
But in spite of their original coldness, these lowest air
layers cool still further after their arrival over continental
Europe, at the same time that the upper layers become
much warmer. Probably this cooling is due to radiation
from the ground, favored by the unusually dry and clear
condition of the upper air. No ground inversion forms,
because there is enough air movement so that the tur-
bulence carries the cooling effect upward to the big in-
version. Also this inversion surface, with the great de-
crease in dust content and presumably appreciable
decrease in absolute humidity that take place here, must
be an active radiating surface,”® in which case there will
be a tendency for the inversion gradually to increase in
magnitude, and for the maintenance of an appreciable
temperature gradient up to the inversion. Both con-
ditions are indicated by aerological observations.

The great smoke and dust content which is so prevalent
below the large anticyclonic inversions comes from the
industrial regions, gathering in density for many days,
due to light winds, to the Tack of precipitation, and to
the impossibility of convection above the inversion level.
When not marked by fog, such an aging anticyclone is
always marked by dense smoke haze with a boundary in
the inversion layer. This indicates also the presence of
many hygroscopic nuclei, which spread under these favor-
ing conditions far from the sources of pollution. In an
air mass of this origin, fog formation is usually marked
only in the southern and western part of the anticyclone,
where there is usually a light flow from the south or
southeast. It is thus where the inversion layer is lower
than in the center, and where the air has drifted farthest
from the source, cooled by ground and dust radiation,
and thoroughly permeated with smoke and hygroscopic
pollutions. Probably these factors all work to effect fog
formation. In one instance, the last week of February,
1928, southerly air of this type, which had been too dry
over the continent to form fog, drifted up along the
coast of Norway, acquiring enough moisture from the
sea to give two days of dense fog, at the same time that
the inversion persisted. Needless to say, such a forma-
tion could not occur if the air was much colder than the

37 For a detailed theoretical consideration of the kinematies of the genesis of fronts and
of level inversions, see Bergeron, Wetteranalyse, pp. 73-84.

% Where the cumulative effect of radiation over a period of days is to be considered,
it must be remembered that active radiating matter is also active ahsorbing matter.
But in the latitudes under consideration here, during the cold season, the number of
hours of sunshine each day is less than half the number that the sun is below the horizon.
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sea, nor could it occur without hygroscopic nuclei. In
this case, at its source over Germany, dense smoke haze
had persisted for a week, with an inversion of between
5° C. and 10° C. at only a few hundred meters. At the
same time the surface air was only about 0° C.

When the anticyclonic development occurs in a cold-
air outbreak which has passed directly south over the
sea the worst cases of high fog occur. Then the mass
comes on land somewhat warmed and nearly saturated
in the lower layers. As the stagnation, settling, and
inversion development take place the lower layers cool
by radiation, aided by their vapor content, to such a
point that general condensation soon occurs. Fog and
dense stratus form up to the inversion, even at its high-
est point, which may be over 2 kilometers at the center
of the anticyclone over Germany or Poland. The con-
densation frequently goes so far as to give light precipi-
tation in the form of snow or sometimes ice crystals
(needles). It is not infrequent in central Europe to have
for days in winter a prevailing pressure of more than
780 mullimeters with thick stratus, fog, light precipita-
tion, and intense cold.

The very stable anticyclonic developments over
Europe occur only after a very marked cold-air outbreak
from the north. There very frequently occur, however,
more transitory inundations of the continent by M. P. A.
or M. Trans. A. masses from between NW. and SW,
which do not stagnate over the continent sufficiently
to give either marked anticyclonic or marked inversion
development, yet are very productive of fog. This is
type III in the outline, which is treated below.

For the development of real anticyclonic fog,there are
evidently two fundamental favoring conditions:

(1) Stagnation of the developing anticyclone over a
cold continent.

(2) A previous maritime life history of the stagnating
air mass.

From this it follows that continental Europe is the
quite favorable ground for such fogs, as is observed to be
the case. It also follows that they do not develope over
the sea, where surface warming is too great and stagnant
anticyclonic development impossible. Nor do they
develop over the British Isles, even though the inversions
from the continental anticyclones often extend over
England, as shown by aerological observations at Dux-
ford and Farnborou%h. Over North America the real
high fog is practically unknown. The reasons for the
contrast between Europe and North America in this
respect at once become evident on a consideration of
the two essential conditions mentioned above.

In the first place, all the cold-air outbreaks in North
America which result in anticyclonic development move
southward from Alaska or northern Canada. Such an
air mass starts cold and drygfrom a winter Arctic anti-
cyclone and remains so as {‘noves southward over the
cold continent. At no point does its path lie over the
open sea, hence it has no opportunity to acquire the
moisture in the lower layers which was shown to be so
important. The high mountains along the west coast of
North America effectually shut out all inflow of air
masses of maritime characteristics. What little may find
its way over the mountains is thoroughly dried in the
process. All northern Europe, on the other hand, apart
from the Scandinavian Peninsula, lies open to direct
invasion by maritime air masses over the lowlands,
which renders the climate so characteristically maritime.

In their dryness the anticyclonic developments in
North America rfesembie those in Europe where the air
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mass has moved southward over the most easterly
route. But in America the stagnation is never so
marked as in Europe. The gradual spreading, radia-
tion cooling, and permeation by smoke, hygroscopic
impurities, and a certain amount of moisture of the
subinversion air layer may continue for weeks in the
European anticyclonic development until an air mass
originally of the driest may become marked by consider-
able fog formation. This is impossible over North
America. The circulation is too rapid and the succession
of vigorous ecyclones too close to permit of the stag-
nation of extensive winter anticyclones. This com-
paratively vigorous circulation and close succession of
young and growing cyclones from central North America
northeastward and eastward over Newfoundland and
the North Atlantic is the consequence of the steep pole-
ward temperature gradient in this region, which 1s in
turn the result of the general atmospheric circulation and
the surface currents in the North Atlantic. According
to Bergeron’s ¥ terminology, it is a region of ‘““fronto-
genesis,” of front formation, and hence of cyclogenesis.
The region north of western Europe eastward over the
interior of Russia is, on the other hand, a region of slight
latitudinal termperature gradient, of ‘‘{frontolysis,” or
dissipation of fronts, and hence of stagnating circulation
and filling cyclones. This makes possible the frequent
extensive stationary anticyclones over northern Europe.

C. INVERSION HAZE

Inversion haze, like the radiation fogs which develop
in connection with inversions, are of two kinds, ground
haze, and high haze, according as the inversion is a ground
inversion or a high inversion. The source of this haze is
the smoke and dust of large cities. Hence it is charac-
teristic of industrial regions. Inversions are, in such
regions, invariably accompanied by a certain amount of
smoke haze, which always renders visible the stratified
condition of the atmosphere when not obscured by fog.
Ground haze is of much less importance than ground fog.
In the first place it is so much less dense that its limited
vertical extent does not permit of its being seriously
obscurative of visibility. Like ground fog, its densit
is greatest close to the ground, decreasing’rapidly Witi
elevation. In the second place, due to the almost com-
plete calm which characterizes a ground inversion, it is
of necessity extremely local. It can form only in the
immediate vicinity of the polluting source, whereas
ground fog can form over wide areas. Finally, being,
like ground fog, the product of a single night, dissipating
with the dissipation of the inversion, it can not repre-
sent the accumulation of a very great amount of obscur-
ing matter. Its formation is simply due to the absence
during the night of convection or advection currents to
remove the smoke pollution.

High haze is of much more importance both practi-
cally and theoretically than ground haze. The most
characteristic thing about high haze is its stratification
in distinctly individual and homogeneous layers of the
atmosphere. A. Wigand in his numerous balloon ascents
has observed that haze strata are of two types, ¥ namely,
(1) in the higher levels, strata of relatively cold and humd
air, due to the presence of water droplets large enough
and numercus enough to cause a hazing effect; such

¥ For Bergeron's treatment of the dynamics of frontogenesis and frontolysis and a
schematic representation of how these processes take place in the general circulation of
the northern hemisphere, sce Wetteranalyse, pp. 84-94, and figures.

40 Die vertikale Verteilung der Kondensationskerne in der freien Atmosphire,
Annalen der Physik, Band 59, 1919.



450

a water haze is simply the first stage of an a. st. or ci.
st. formation, and is not considered further here; (2)
the dry smoke and dust haze layers which are coincident
with anticyclonic inversion layers and which have their

eatest density in the upper portion of the inversion
ayer. Such is the haze which i1s under consideration.

This high inversion haze is practically coextensive with
the anticyclonic inversion, but its density is greatly
intensified over large industrial cities wherever smoke
pollution is abundant. That the hazing impurities result
entirely from this type of pollution follows necessarily
from the original clearness of the anticyclonic air mass,
the very light prevailing wind velocities during the devel-
opment of the haze, and the moist and frequently snow-
covered condition of northern continental surfaces in
winter. The observed distribution of the haze is further
proof of its origin. In the immediate vicinity of the
source of pollution the haze extends from the ground to
the inversion layer, where its density is greatest. Further
removed from the source it is most marked in the inver-
sion layer, having both an upper and a lower boundary.
In the vicinity of the source of pollution the density of
inversion smoke haze is directly proportional to the
amount of the inversion and inversely to the wind velocity.
Further from the source the principal factor is the direc-
tion of the wind relative to the source. Such haze may
persist for weeks, as long as the inversion does. It is the
result of the continued collection in the inversion of
smoke poliution, and it may become so marked over a
wide area as to render visibility below the inversion poor
over a considerable part of western Europe. Over the
large cities, if the winds are very light, it may become so
dense as to render the ground completely invisible to one
above the inversion. Evidently it is primarily a winter
phenomenon, for the great anticyclonic developments are
a winter phenomenon. In summer the continental heat-
ing attendant on clear skies does not permit of the marked
persistent high inversion formations, but ground inver-
sions and ground haze, the result of a single night’s
cooling, may occur in summer. The fact that objects
above the haze may be quite distinctly visible to one on
the ground, while at the same time the ground is entirely
invisible to the observer above the haze, has long been
known to aviators. This obscuring tendency of a haze
layer for everything below it is the result of its efficacy
as a reflecting surface. To the observer above such a
large part of the light coming to him from below is sun-
light reflected directly from the haze layer that the rel-
atively weakly lighted ground objects are quite lost to
perception. But to the observer below the only light
coming to him from a point above, except for the rela-
tively small amount of haze-scattered sunlight, is the
unreflected and unscattered portion of the direct rays
from relatively strongly lighted objects above the haze.

The outstanding characteristic of high inversion haze
in contrast to high fog is the fact that whereas the fog
reaches its greatest density at the base of the inversion,
decreasing rapidly above to zero, the haze layer, when
far enough from the source to have a distinct upper and
lower boundary, reaches its greatest density near the top
of the inversion, falling off very rapidly above.

Both Georgii, and to a certain extent A. Wigand,
would explain this vertical distribution of smoke or dust
in terms of the density of the air. Assuming that the
particles have formerly been carried aloft in regions of
active convection and are everywhere in stable anti-
cyclonic regions slowly settling, they will at a marked
inversion come into a region of denser .air, and will in

consequence of their slower fall velocity in the dense air -
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collect to a greater density at the inversion. But that
such an effect must be totally inadequate, quantitatively,
to account for haze layers is at once apparent. Wigand
has shown that in such a layer the kern count is often
several times what it is a short distance above. Pre-
sumably, from the obscurity of vistbility the concentra-
tion of dust and smoke particles must be even greater.
Suppose there exists a temperature inversion of the large
value of 10° C. This will effect an increase in air density
of 4 per cent. Whatever the nature of the particles, it 1s
out of the question that a 4 per cent increase in air density
should greatly affect their fall velocity, whereas this
velocity must be reduced by 75 per cent at least to effect
the observed concentration of particles.

The explanation is rather to be found in an examination
of turbulence and wind velocities. As shown by extensive
aerological data (see Georgii, W. Peppler, etc.), the usual
conditions of temperature gradient and wind prevailing
up to and through an anticyclonic subsidence inversion
are: (1) Very light winds and moderate lapse rate
(average 0.6° C. per 100 meters) up to the base of the
inversion; (2) considerable temperature and wind velocity
increasing throughout the inversion layer, and frequently
a very marked change in wind direction (tendency from
E. to SW.); and (3) above the inversion a moderate
temperature lapse rate, and a very steady wind, com-
pletely undisturbed by convection from below.

Thus in the lowest layer the smoke pollution works
readily upward by the slight turbulence produced by
light wind flow over uneven surface, and by a moderate
temperature gradient. The actual inversion layer is
very productive of mechanical turbulence, in spite of
its very stable stratification, due to the usual rapid
change of wind velocity and direction with elevation.
The upper layer, on the other hand, as a tesult of its
very regular air flow and moderate stability, is but very
slightly productive of turbulence, and relative to the
layer below is highly destructive of it.#* Therefore the
turbulent activity of the inversion layer falls off very
rapidly with elevation in its upper portion (see Rossby’s
curves), and at a short distance above, in the upper layer,
the low turbulent activity characteristic of that layer is
reached. The region where the turbulence decreases
most rapidly, in the upper portion of the inversion layer,
is where the smoke and dust collect. The greater wind
velocities prevalent here spread this smoke horizontally
comparatively rapidly. From this follows the wide-
spread prevalence of the high inversion haze, even far
removed from the sources of pollution. This process is
often quite visible on a clear calm morning when an
upper inversion exists. A column of smoke from a factory
chimney may be seen often to rise straight up for some
hundreds of meters. Then it reaches a level where it
begins to diffuse rapidly by spreading out horizontally
(the inversion layer). At the top of this layer it drifts
off rapidly in a definite direction, without diffusing
further upward, appearing as a thin haze layer.

High inversion haze, unlike the fog, is quite common in
the eastern United States, for there occur both the
anticyclonic inversions and the large industrial cities.
However, it does not acquire the density over a wide
region that it does in Europe, due to the more rapid
general circulation.

Two kinds of dry haze have bheen considered—thé
tropical haze, which is simply the remains of fine dust .
blown up by the wind and occurs only in tropical air,

41 For a theoretical treatment of the distribution of turbulence in the atmosphere see
C. G. Rossby, The Vertical Distribution of Atmospheric Eddy Energy, the MONTHLY
WEATHER REVIEW, August, 1926,
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and inversion smoke haze, the result of industrial pollution,
which occurs only in continental polar air. Except for
occagional forest-fire smoke or volcanic dust, which
may occur occasionally in any kind of air mass, these are
the only types of dry haze which are of any practical
importance.

ITII. MARITIME FOG—CHARACTERISTIC OF M. TRANS. A.
MASSES WHEN COOLED OVER LAND

The formation of this type of fog is dependent on the
cooling over land of fresh M. P. A., or the further cooling
of an M. P. A. mass in which the transformation to
M. Trans. A. has already begun. This latter case is
the one where the M. P. A. mass in the course of a long
ses journey has already been further to the south, and
comes over western Europe from the southwest, slightly
cooled and therefore stable in the very lowest layers.
In either case, the air mass at once suffers further cool-
ing in its lower levels, furthering its transformation from
polar to transitional character. It is due to the mari-
time orlgin of the air masses in which it occurs that this
fog is called maritime fog. But its actual formation
invariably occurs over land, not over the sea.

In the formation of this fog, advection plays an impor-
tant role. At the same time, the principal cooling seems
to take place by radiation. But it is quite distinct from
the radiation types treated above. Those types follow
direct northerly outbreaks of P. A. after lengthy stagnation
and anticyclonic development with marked upper air sub-
sidence and inversion. Transition fog accompanies inun-
dations of western Europe by M. P. A. from between the
NW. and SW. Such outbresks are usually character-
ized by their transitory nature, occurring between suc-
cessive cyclones when the general eastward circulation
is active instead of stagnant. There is therefore no
stagnating anticyclonic development, no formation of
subsidence inversions, and no upper layer of warm dry
air. Everything is too transitory for such marked devel-
opments. The fog is generally formed within 24 hours
of the passage inland of the M. P. A. mass, usually long
before the appearance of any inversion. If an inversion
appears after a time, it is due to the cooling of the lower
layers and not to the adiabatic heating of the upper
layers. That such fog is extremely common, as Calwagen
had remarked, follows from the extreme frequency of
the invasion of western Europe by such M. P. A. masses
and from certain characteristics of these masses to be
considered in the explanation of the fog.

The usual weather conditions that accompany such an
inflow of old M. P. A. may be of the most nondescript
nature, not the settled conditions that accompany in-
version fog. Usually there are at least remnants, at first,
of the shower activity that characterizes fresh M. P. A.
masses. Furthermore, there may be remnants of old
occluded fronts or secondary cold fronts. There is also
frequently a certain amount of orographical influence
evident in the very saturated lower levels. The general
result, at least at the beginning of such an inflow, 1s
considerable cloudiness and often light intermittent rain
or orographical drizzle. The fog formation frequently
begins under such nondescript conditions, often with
some wind prevailing.

" The one outstanding characteristic of all such inflows
of M. P. A. or incipient M. Trans. A. over western Europe
is the very marked cooling which at once takes place as
the air mass moves inland. No doubt this effect is the
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primary cause of the frequent dense fog formation which
occurs in such air masses. Quite frequently within 24
hours of the time that the air mass leaves the sea, the
temperatures over the lowlands show a decrease of as
much as 5° or 6° C. in the lower levels of the mass, even
with an overcast sky. At the same time the high level
stations show no corresponding cooling. The result is a
very quick development of a stable gradient, possibly
even slight inversions, and very often a dense fog to
some elevation. -

The contrast in the case of an inflow of T. A. is striking.
M. P. A. and T. A. may both invade Kurope from the
SW., with quite similar surface layer temperatures,
humidities, and winds. But the T. A. current, as it moves
inland, suffers only a very gradual surface layer cooling
usually with the characteristic drizzle and sometimes
rather thin fog. The M. P. A., on the other hand, suffers
immediate marked surface layer cooling and very often
dense fog formation. What is the cause of this difference?

The difference in the upper air conditions of the typi-
cal M. P. A. mass and the typical T. A. mass as it first
comes on shore is excellently shown by the upper air
records obtained by C. K. M. Douglas at Berck (near
Bologne) in 1918 and 1919. From a comparison of the
records of 6 plane ascents selected by Douglas © as
‘““drizzle situations” (T. A. mass) and 15 ascents selected
as ‘““shower situations’” (M. P. A. mass), it is found that
the average vertical decrease in temperature through
the first 3 kilometers in the 15 M. P. A. ascents is 9.1° C.
greater than in the 6 T. A. ascents. Apparently, then,
an M. P. A. mass coming off the sea with the same
temperature and near seturation humidity as the T. A.
mass in the lowest layer will at only 3 kilometers be
9° C. colder. The stratified T. A. mass represents the
more normal condition of the atmosphere; the equilib-
rium state which is gradually established in undis-
turbed situations. The unstable M. P. A. mass repre-
sents an abnormal condition which is only maintained by
the constant supply of heat and moisture to the lower
layers from the warm sea surface. As soon as the air
mass moves inland this constant heat supply ceases.
At once the forces acting to produce the normal undis-
turbed equilibrium condition make themselves felt,
effecting a marked surface cooling and fog formation
and probably some warming of the upper layers. Just
what the process effecting the modification 1s it is not
easy to say. Probably the very high absolute humidity
of the lowest warm and saturated layers render the
radiation factor of great importance. It may be radia-
tion equilibrium which is established. But undoubtedly
as long as the steep temperature gradient prevails, and
there is an appreciable wind velocity, turbulence plays
an important part in the upward diffusion of heat.

The nature of the local upper air changes which take
place at a fixed point in the course of a typical develop-
ment of high inversion, maritime, or T. A. fog appears
very clearly in the monthly charts prepared at Linden-
berg, near Berlin, showing the variation in the height of
the potential isothermal surfaces over Lindenberg during
the entire month. The heights of the equi-potential
temperature surfaces at Lindenberg are plotted as
ordinates, the time as abscissae, and values of the or-
dinates interpolated between successive observations to

41 Selected at Bergeron’s request simply as typical drizzle and typical shower situa-
tions, Bergeron uses them as the most reliable observations obtainable to show the
characteristic upper air properties of P. A. masses and T. A. masses with the continen-
tal influence at & minimum, See Wetteranalyse, p. 45.
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ive the continuous course of each surface over Linden-
erg throughout the month. The observational mate-
rial is rather complete, consisting of at least two kite or
captive balloon ascents daily at Lindenberg, an occa-
sional sounding balloon, and a daily plane ascent in
Berlin (at Tempelhof). Noteworthy meteorological con-
ditions, as fog, cloud forms, forms of precipitation, and
vertical air movements, are also entered on the chart by
time of occurrence, to give a complete continuous picture
of thermal stratification and atmospheric and meteoro-
logical activity at the station throughout the month. In
the case of high inversion fog there appears first a great
lifting of the isothermal surfaces extending to at least 5
or 6 kilometers, the cold air invasion, followed by a rapid
sinking again in the upper levels (adiabatic heating by
compression), while in the ground layers the isothermal
surfaces retain their level (cold surface layer). The re-
sult is a great crowding of the surfaces between 1 and 2
kilometers (the inversion—irequently a potential tem-
perature increase between these levels of 18° C.). This
condition usually remains for many days, the crowded
isothermal surfaces running evenly horizontal, while con-
tinuous fog is often indicated below them, clear skies
and descending air motion above. The maritime fog oc-
currences are much less striking. There first appears a
raising of the iso-potential temperature surfaces between
1 and 3 kilometers (often the establishment here of a mean
temperature gradient of 0.8° C. per 100 meters) followed
by an appreciable raising of the lower surfaces (surface
cooling), but rarely does there appear a vertical increase
of potential temperature of as much as 8° C. per kilo-
meter. The fog frequently makes its appearance almost
a8 soon as the lower layer cooling begins. In the case of
a T. A. invasion the chart shows a great descent of the

otential temperature surfaces at all levels up to at
east 5 or 6 kilometers, and ascending air motion at de-
creasing levels (approaching warm front). Fog is not
usually indicated here, but is occasionally. If 1t occurs
before the zone of most rapid temperature increase, it is
prefrontal fog (considered below). If in this zone, or
afterwards, it is T. A. fog.

Maritime fog formation takes place so rapidly when
M. P. A. or M. Trans. A. comes from a warm water
surface to a land surface in winter that even over the
British Isles it is a frequent type of fog. In the United
States, however, it is almost completely missing. This
is primarily due to the effective shutting out of the air
masses favorable for its development by the high moun-
taing along the western coast of North America. Prob-
ably it occurs frequently in autumn and winter over the
more inland region of the Pacific coast. The fact that
stations located here (Seattle, Roseburg, Red Bluff,
Sacramento, and Fresno) show their greatest fog fre-
quencies from October to January ** seems to verify such
an assumption. The more exposed stations (Tatoosh
Island, San Luis Obispo, and Los Angeles) show a marked
summer maximum between June and August, which is
due to monsoon fog. San Francisco and Fresno run high
the whole year except in the spring. The more inland
stations in the North Atlantic States east of the Appa-
lachians also show a winter maximum which may be due
to this type of fog, but the coldness of the waters off the
coast in this region and the relative infrequency of inva-
gion of this coast by maritime air of polar origin render
such a fog formation infrequent. The fog frequencies at
such stations are small, as Koéppen’s figures show.
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The consideration of maritime fog completes the dis-
cussion of air mass fogs.- These are the fogs whose per-
sistency and frequency are such as to make their influence
evident in climatological means. Monsoon fog and sea
fog over the relatively cold seas in summer, inversion
fog and maritime fog over the relatively cold land in
winter, these affect the statistical averages. They repre-
sent surface cooling of warm air from the continents in
summer, and surface cooling of the damp air from the
seas in winter. For this reason Képpen’s statistics lead
him to the conclusion that fog is essentially a coastal
phenomenon, occurring over the colder seas in summer,
the colder continents in winter. For the same reason
land fog frequencies are generally greatest in the early
morning, least in the late afternoon, while the frequencies
of fogs formed over the sesa are frequently reversed.

The fact that fog represents fundamentally cooling
from below, thermal stratification, and low level conden-
sation, while cloud represents fundamentally heating from
below, unstable stratification, and high levefrcondensation,_
results in an average seasonal and daily variation of visi-
bilities just the reverse of the condensation processes.
A. Peppler, from numerous visibility measurements of his
own at low and at high elevations, as well as from a sta-
tistical analysis of numerous other visibility date from
nearly all parts of Europe and over the North Sea, has
come to the following general conclusions: %

(1) Over continental Europe at low elevations hori-
zontal visibilivies are best in summer and poorest in
winter, best in the afternoon and poorest in the morning.

(2) Over continental Europe at high elevations hori-
zontal visibilties are best in the winter and best in the
morning, poorest in summer and poorest in the after-
noon.

(83) Over the sea at low levels the visibilities are best
in winter and poorest in summer. Presumably the
reverse holds at high levels, but observations are lacking
as yet, '

The fact that thermal stability favors good visibility
in the upper air layers and poorer below, and thermal
instability the reverse, is due not only to the characteristic
difference in the level of active condensation in these
two situations but also to the distribution of smoke and
dust haze, the solid obscurative matter in the air. As
has been pointed out, stability favors its collection in
the lower levels, the formation of dense haze layers.
Instability effects a rapid dispersion of this matter through-
out all layers, by convection or by the greatly facilitated
upward spread of advectively produced turbulence.

FRONTAL FOGS

There now follows a brief consideration of the less
important because more transitory frontal fogs, or fogs
closely associated with the fronts between air masses
of different properties. From their nature it follows that
their frequency is greatest where the passage of fronts is
mostfrequent, orin the regions of greatest cyclonic activity.
Because of their transitory and irregular nature, and
because they occur in general in connection with such
disturbed conditions and poor visibilities that they do
not attract especial atteniion, fogs of this type have
been very little studied. Since they usually occur in
the course of the transition from one air mass to another
of markedly different temperature, fogs of this type
are usually attributed to mixing of nearly saturated

4 Bee Kbppen’s figures, Landnebel and Seenebel, Ann. der Hydr. u. Mar. Met.,
19186, p. 256,

# Ergebnisse von Sichtsmessungen in Karlsruhe mit vergleichenden Untersuchungen,
Beitriige zur Physik der freien Atmosphire, XIII Band, 1926.
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air masses of different temperatures. Georgii’s Misch-
ungsnebel seems to include both frontal fogs and what 1
have called maritime fog. Yet Georgii himself remarks
that Mischungsnebel can not be of long duration, for one
can not have a mixing process in the course of the dis-
placement of one air mass by another without the dis-
placing mass rapidly becoming predominant.

A closer study of individual cases shows not only that
the mixing process is not of long duration but that it is
quite neglhgible for fogs on the ground. No doubt the
higher fogs of the type considered under front passage
fogs are sue in part to the mixing process at the front
some distance above the ground. But once the front
becomes low enough to be close to the ground, the dis-
placement of the existing by the following air mass takes
place quite abruptly. A close analysis of ground fogs of
the frontal type by the Bergen methods usually shows
very clearly t{at the fog belongs definitely to one air mass
or the other, definitely on one side or the other of a
front which with a close network of stations is shown to
be quite distinct and which remains distinct as long
as the air masses keep their distinctive characteristics.
The only person to have initiated a critical investigation
of frontal fogs in the light of a careful air mass analysis
is Calwagen, simply becausé he is the only investigator
of fog who has had the necessary technique of analysis
at hand. He had to a certain extent outlined frontal
fogs and their causes before his work was so unfortunately
cut short. Their classification must of necessity be rela-
tive to the type of front forming them. Hence they
may be divided as follows:

I. Prefrontal fogs—oeccurring before a front, in the air

mass being displaced.
A. Before a warm front.
B. Before an occluded front.
C. Before a cold front.

II. Front passage fogs—frontal cloud systems which
reach their lowest at the passage of the front,
sometimes extending to the ground as genuine fog.

Low migrating cloud

systems—Cal-

wagen’s flyganda
dimmor.
C. With a cold front—line squall cloud.
I11. Postfrontal fogs—occurring after a front, in the
displacing air mass.
A. After a warm front.

A. With a warm front
B. With an occluded front

I. PREFRONTAL FOGS~—OCCURRING BEFORE A FRONT PASSAGE IN
THE AIR MASS BEING DISPLACED

A careful distinction must be made between real pre-
frontal fogs whose existence is due to the meteorological
activity of the front and air mass fogs which have devel-
oped in the air mass in advance of the front quite inde-
pendently of its action and simply remain lying inits path.

A. Prefrontal fog before a warm front. (Calwagen’s pre-
frontaldimma framfér varm front.)—This type of fog occurs
in a zone immediately before an advancing warm front.
If may be as much as 200 kilometers in breadth, but it
usually lies completely within the area of precipitation
or warm front rain area. It follows that the sky is
always completely overcast. It occursin its most marked
form before a newly formed warm sector on a quasi-sta-
tionary front, hence with rapid cyclogenesis and with a
very abrupt temperature and wind direction contrast at
the front. Frequently at such a front there exist an
abrupt wind shift of 90° (from SE. to SW., for example)
and a temperature increase of 6° or 8° C. in & zone not
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wider than 50 kilometers. The fog lies entirely in the cold
air and may be reported by every station in front of the
active portion of the front to a distance of 150 kilomete1s.
With the passage of the front it completely disappears.
With an older less abrupt warm front this fog is usually
less marked. Half of the stations in the prefrontal
zone may report it and half not. But in every case it
goes with the lowest temperatures, which excludes the
possibility of its being the product of mixing of warmer
and colder air masses. It is reported usually as dense
fog, though presumably it does not reach the extreme
density of a dense radiation fog. In the regions farther
in advance of the front, where it first appears, it begins
at the lowest elevations, as a low-lying wet-weather fog,
with light winds. As the front approaches, it gradually
grows 1n density and vertical extent, presumably extemz
ing upward to the low-lying clouds that mark the approach
of the front.

There are probably two factors which are of prime
importance in the formation of the typical prefrontal fog
before a warm front:

1. Saturation of the cold prefrontal air mass by warm
front rain. The colder air in advance of the front is
frequently rather dry descending anticyclonic air. The
first fine warm front rain from a. st. is usually completely
evaporated before it reaches the ground. But with the
increasing rainfall the cold air becomes rapidly humid,
finally approaching saturation. The prefrontal rainfall
is especially intense in the case of a newly formed warm
sector with active cyclogenesis.

2. Adiabatic cooling by expansion. This expansional
cooling takes place at any point in the prefrontal air
mass in part as a result of the air drift, especially marked
in the lowest layers, across isobars toward lower pressure;
that is, simply the nongradient character of the lower
winds. But even more important, in the case of active
cyclogenesis, is the general fall of pressure which takes
place in the whole region of development. In such
cases the local pressure change in any element of the air
mass is due much more to the deepening over the whole
field of pressure than to the element’s change of position
in the field of pressure. This pressure deepening is most
rapid directly in advance of the warm front, hence is
most effective in producing fog here.

The markedly greater fog-producing effect of these two
factors before a newly formed rapidly developing warm
sector with its sharply marked warm front explains
why prefrontal fog before a warm front is character-
istically more distinct when the warm front is abrupt
than when it is diffuse. The case of fog with a very
diffuse warm front that marks the first inflow of T. A.
after a long prevailing stagnant anticyclone is entirely
different. In that case there is usually very little pre-
frontal rein and no pressure deepening due to cyclo-
genesis. If there is fog in the cold air mass, it is the
remainder of inversion fog, which, it was remarked, is
most frequent often in the western portion of the anti-
cyclone, where the inversion becomes low. Such fog
is always under the inversion, which, according to
Georgii’s aerological data, remains intact almost to the
ground. If there is fog after the retreat of the inversion,
it is the fog characteristic of the foremost transition
portion of a general T. A. invasion, as was pointed out
in the discussion of T. A. fog. Genuine prefrontal fog
before an active front does not often merge into an
inversion fog further in advance of the front, because it
occurs in unstable rapidly changing conditions, which
does not permit of the formation of true inversion fog.
It may, however, merge into a previous maritime fog
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over land in such a manner that it is difficult to say
which type is prevailing.

One other characteristic condensation form before a
warm front requires special mention. When such a front
advances against a high coast line or a range of hills or
mountains there is a certain amount of forced ascent of
the cold air between the front and the obstacle. If the
air is nearly saturated this results in the formation of
dense low stratus, which is thickest against the obstruct-
ing barrier and appreciably lowers the effective level of
the warm front cloud deck. It may appear at only a
hundred meters and be reported as high fog. In such a
case it may form an unbroken cover and extend solidly
upward to the original frontal cloud system. Similar
semidetached low-lying cloud frequently appears over
high woodland, semetimes resting almost on the tree
tops. The fact that poorer visibility usually prevails
over high woodland in rainy weather is generally recog-
nized by the German air pilots. Such prefrontal low
cloud formations are extremely unfavorable for air
traffic, for as soon as the pilot can not count on sufficient
ceiling to clear all ground obstacles they are quite as
obstructive as the worst high fogs. It is quite probable
that as the front becomes low the mixing at the fromt
resulting from the turbulence caused by ground obstacles
to the air flow is as important as cooling by forced ascent
in effecting low stratus formation. ,

B. Prefrontal fog before an occluded front—The pre-
frontal phenomena before a newly occluded front are
very little different from those before a warm front.
But with the occlusion, all characteristic warm front
phenomena reach their maximum, from then there begins
a gradual deterioration. The general rapid cyclogenesis
ceases, the cyclone begins to fill, pressure fall tendencies
before the front become much smaller or disappesar, the
precipitation decreases in extent and intensity, and the
rate of advance of the front becomes less. Exactly the
same prefrontal fog, or under favorable conditions, low
cloud formation may occur before an occluded front as
before & warm front. But, as has been pointed out, all
the factors upon which these formations depend are
weaker after occlusion. Hence the formations them-
selves have usually reached their most marked develop-
ment and are already in part weakened or dissolved. A
regeneration of the front can also lead to a regeneration
of all the condensation phenomena.

C. Prefrontal fog before a cold front (barometric fog)
(Calwagen’s prefrontal dimma framfér kalt front)—The
prefrontal fog before a cold front differs from that before
a warm front or occluded front in that it is formed in
the T. A. sector. In this case there is not the front
rain to effect the saturation of the fog-forming air mass.
But, as was pointed out in the discussion of T. A. fog,
the lower layers of such an air mass acquire a continuously
increasing relative humidity due to gradual surface cool-
ing, even to the extent of weak fog or stratus and drizzle
formation. In the warm sector of a rapidly developing
disturbance the cooling effect of adiabatic expansion *
by the two processes of the air flow across isobars toward
lower pressure and general deepening of the depression,
superposed on the general surface cooling, may form fog
throughout the warm sector. This formation is most
marked directly in advance of the cold front, for in this
- zone the most rapid fall of pressure within the warm
sector is occurring. The cooling of a warm sector by

# An extreme instance of this phenomenon, where the formation of a. st. and typical
warm front rain within the warm sector was attributed by Bergeron and S8woboda to
adiabatic cooling by expansion, is treated in detail by these authors in their paper,
Wellen und Wirbel auf einer Quasistationfire Grenzfiiche iiber Furopa, 1924, pp. 103-104,
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adiabatic expansion in a case of intense cyclogenesis
may be so great that temporarily the T. A. can be cooled
in its lower layers to a slightly lower temperature than
that of the sea surface over which it was previously
cooled if the poleward temperature gradient of the ocean
surface is very slight. In this case one of the principal
distinguishing characteristics of a T. A. mass is destroyed.
But in the ordinary T. A. current, and with the ordinary
T. A. fog and drizzle, such cooling by expansion plays &
comparatively slight réle. '

II. FRONT PASSAGE FOGS OR MIGRATING LOW-CLOUD SYSTEMS

The low-cloud systems that belong to the passage of a
front are not usually fog in the proper sense of the word.
With the possible exception of an occasional warm front
passage, it is only high and exposed situations that are
enveloped in such low-cloud strata. But they require
special mention in any consideration of fog for aviation
forecasting, where the elevation of the base of low clouds
is of extreme significance. The movement of a frontal
low-cloud system is the same as that of the front to which
it belongs. Therefore they have been called migratory
low-cloud systems in contrast to the stationary low stratus
cloud of the anticyclonic high inversion fog. Since the
strongest winds in_a disturbance occur with the passage
of the front, the ¥rontal low cloud strata frequently
appear with strong winds, while the anticyclonic stratus
occurs with very light winds.

A. Fog with a warm front (Calwagen’s frontal dimma).—
The progression from ci. through ci., st., and a., st., to
low ni., which characterizes the approach of a wearm
front is quite generally recognized as the cloud system
resulting from the upward flow of warm air over the
gradually subsiding and retreating cold air mass in
advance. Upon the close approach of the front the lower-
ing cloud deck reaches a certain minimum elevation,
which, theoretically at least, represents the height to
which surface air in the T. A. current must be raised in
order that condensation may occur. This height may
be readily computed from a knowledge of the temperature
and humidity in the lowest layers of the T. A. mass. In
the limiting case, when the T. A. mass is quite saturated
in the lowest levels, this elevation becomes zero, which
gives the comparatively infrequent case of a dense sur-
face fog formation at the passage of the front. Such fog
will then persist as dense T. A. fog in the foremost portion
of the T. A. current. But as was pointed out under T. A.
fog, the typical T. A. obscurity 1s not a dense fog, but
rather drizzle and low stratus. Dense surface fog is a
rather rare and extreme case, oceurring principally over
very northerly seas, or over a snow-covered continent.
Therefore, ordinarily the warm front passage is marked
by low stratus, but not real surface fog. After the passage
of the front, visibilities gradually improve slightly as the
T. A. current becomes fully established, but no marked
improvement can occur until the passage of the cold-
front brings the P. A. invasion.

The orographical influence of high coast lines or ranges
of hills or mountains, as was pointed out under the dis-
cussion of prefrontal fogs, has the net effect of lowering
the cloud base before and during the front passage.
The cause of this orographical lowering of the base of
the cloud deck is doubtless in part cooling of the sub-
frontal air mass by forced ascent, and in part the mixing
of the two air masses caused by the resulting turbulence.
With the approach of the front these lower cloud forma-
tions become solidly united with the low cloud system
of the front in one thick cloud deck. Thus, on the
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west coasts of Norway or Scotland it is quite common
to find the cloud base of the approaching warm front
at only 100 to 200 meters’ elevation above the sea.
The high winds that almost invariably accompany the
passage of such a front result in a characteristic high
velocity of the low clouds. The frequent high ““Flying
Fogs’ (Flygand Dimmorna), which have been so much
remarked on Scotland’s west coast, are attributed by
Calwagen to frontal low cloud systems.

The direction of movement of the warm front cloud
system is the same as that of the front, which is usually
considerably to the right of the apparent movement of
the lower clouds themselves. The frequency of such
cloud systems varies with the number of front passages,
or with cyclonic activity. They are usually lower and
denser in winter. In summer they occur only over the
the sea or along the coasts. The summer insolational
modification of T. A. characteristics over the continents
is such as to render the formation of a very low warm
front cloud system almost impossible.

B. Fog with an occluded front.—The conditions with the
passage of an occluded front are approximately the same
as with a warm front. Certain characteristic differences
should be mentioned, however. (1) The occluded front
cloud system has passed its greatest development and is
beginning to deteriorate. (2) Since with the occlusion of
the warm sector of a disturbance the warm air is com-
pletely displaced at the ground, it is no longer possible
1n any case for the cloud system to extend to the ground
as a real surface fog, for the front cloud system and fo
belong to the T. A. mass. (3) The passage of an occlude
front, instead of being followed by the characteristically
poor visibility of the T. A. mass, is followed by the
characteristically clear P. A. Instead of the low st. cloud
of the warm sector, there is the somewhat broken cloud
deck of cu ni, blue sky being visible between showers.
The only case where real fog and very poor visibility is
possible after an occluded front passage is after the front
has passed some distance inland, 1n winter, and is followed
by an invasion of M. P. A. In this case maritime fog may
follow almost immediately on the passage of the front, but
the same process which leads to the rapid modification of
the temperature gradient in the M. P. A. mass results in
the rapid dissolution of the front itself, by the destruction
of temperature contrasts aloft.

C. Fog with a cold front.—The typical cold front passage
is usually marked by & heavy shower or squall line with
a marked wind shift. It may be preceded by prefrontal
fog in the T. A. mass with very poor visibility, but its
passage, as in the case of the occluded front, brings a
marked change for the better, with P. A. showers and
broken cloud deck. Also as in the case of the occluded
front, the shower or squall cloud itself can not rest upon
the ground as low fog, except on very elevated locations,
for the cause of cloud formation is the underrunning and
forcing up of the warmer air mass by the following cold
air. But the heavy rain, low cloud, and strong shifting
wind which often accompany the cold front, although ot
short duration, may be very dangerous for the aviator.
The direction of movement of the cloud system is that
of the front, and not of the winds or clouds in advance
of the front. A cold front sufficiently advanced inland,
may, like an occluded front, be followed by maritime fog,
but never when it still persists as a vigorous front or
squall.

III. POSTFRONTAL FOGS

There is only one type of fog which can properly be
classed as a postfrontal fog. It has already been con-
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sidered under T. A. fog, but it is to a certain extent
dependent upon the immediate preceding passage of a
warm front. It is the zone of fog which often appears
in the foremost transition porton of a T. A. current
which is invading a region previously occupied by a
stagnant cold air mass. Its formation is the result of
cooling by contact with the previously thoroughly cooled
ground, and also by mixing with remnants of the cold
air mass left behind natural barriers. It so far as this
mixing process is responsible for the formation, it is
properly a postfrontal fog. Probably this is the most
extensive rdle played by the mixing process in a ground
fog formation.

After cold fronts or occluded fronts postfrontal fog is
quite impossible, due to the properties of the following
cold air masses. Only martime fog can follow close after
such fronts, far inland, but it is in no sense dependent on
the passage of the front for its formation. It can form
quite as well hundreds of miles behind the front as it can
immediately behind. Therefore it is purely an air mass
fog, and in no sense a postirontal fog.

Frontal fogs as a class are comparatively unimportant.
Their frequency and duration are such that they have no
detectable influence on climatic statistics. On the other
hand, due to their rapid movement and often unexpected
appearance they constitute a real menace to awviation.
An understanding of their causes and a method of for
casting them is quite essential.

PART III
FOG FORECASTING FOR AVIATION INTERESTS

Any general discussion of fog forecasting must be based
on theoretical considerations rather than on principles
applied in practice, for the simple reason that there is no
developed system of practical fog forecasting. Most
weather services concerned especially with maritime
Interests make fog forecasts for coastal and open-sea
stretches. This is done especially by the Deutsche
Seewarte and to a certain extent by the Norwegian and
British meteorological offices. But the fogs with which
they are concerned are especially sea fog and monsoon
fog, which are two of the most regular and readily fore-
cast of fogs. Such fogs when once formed are rather
persistent, and the conditions favoring their movement
or dissipation are such as to render them fit subjects
for forecasting. They are not, however, usually fore-
cast previous to their first formation and appearance.

In the case of the more variable land fogs the problem
is much more difficult. Here the weather services most
interested in a correct fog prognostication are, of course,
the services established for air line protection. On the
Continent of Europe, especially in Germany, the meteoro-
logical service for aviation purposes is much further
developed than the ordinary service. But the whole
attention of these aviation services is directed not toward
making better forecasts for some time in the future but
rather to getting a complete picture of prevailing con-
ditions in the region desired. On the basis of very
numerous observations, detailed forecasts are prepared
for the pilots covering their respective routes for the next
three or four hours. Special warnings are received from
all stations and sent out to the pilots in the air of the
appearance of fog, squalls, low cloud, etc. The move- -
ment of fog zones already formed is very carefully noted
and forecast for the following few hours, but usually the
forecasting of fog is not attempted previous to its first
appearance. Occasionally the formation of local ground
fog is forecast. The dissipation of ground fog can usu-
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* ally be forecast with some certainty, but the forecasting
of the dissipation of the more stable types is attempted
only as successive reports show a progressive change to
be taking place.

The lack of any completely developed system of prac-
tical fog forecasting necessitates a theoretical rather than
a practical consideration of the subject, but at the same
time the factors which may decisively influence the form-
atipn or nonformation of fog in any typical instance are
so numerous, that no discussion can be made general.
There are no general principles that may be applied in
all cases of fog formation. Each group of fogs must be
considered separately. The factors which may be of
importance in the formation of fogs of that group will

be discussed, and then will follow a special consideration

of each type of fog in the group with its significant
characteristics.

A. ATR MASS FOGS

The problem of forecasting an air mass fog resolves
itself into two parts, namely, (1) to determine what air
mass will prevail at the time and place for which the fore-
cast is to be valid, and (2) to determine what character-
istics that air mass will then possess. The first part of
the problem is quite the same for fog forecasting as for
the forecasting of any other meteorological element. It
depends simp%y upon the correct prognostication of air
mass movements, and presupposes a method of air mass
analysis which correctly bounds the distinctly homogen-
eous air masses in accordance with their charactenstic
properties. 'This part of the problem will receive no
further consideration here.

The determination of the properties which an air mass
will possess at a certain time in the future, with suffi-
clent precision to forecast fog, is a very complicated
problem. This follows from the extreme sensitiveness of
fog to a very slight change in the properties of the air
mass, and the great number of factors capable of pro-
ducing such slight changes. For the consideration of fine
distinctions in all the properties of an air mass, together
with the factors which are at work to change these

roperties, the Bergen methods of analysis are best suited.

hey are the only methods sufficiently comprehensive
in their treatment of all air mass properties, and precise
enough in their estimate of the significance and causes of
the minor-variations in these properties.

The determination of the future properties of an air
mass must be made from a consideration of its present,
properties and the modifying influences to which they
will be subject in the meantime. The present properties
of any air mass are fixed to a rough approximation as soon
as the mass is classified as polar, tropical, or transitional.
The properties of the mass of most significance for fog
formation are:

(1) Absolute humidity, especially in the lower layers.
Both the cooling of the meass by direct radiation to space
and the temperature at which saturation will be reached
are dependent upon this property. In both of these
respects a concentration of moisture in the lowest levels
is favorable to fog formation.

(2) The vertical temperature distribution. Both the
relative humidity distribution, assuming a constant abso-
lute humidity, and the effectiveness of convective or
mechanical turbulence in carrying moisture aloft are
dependent on this property. In both of these respects
s steep temperature gradient is unfavorable to fog
formation,
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(8) The horizontal pressure distribution. The air
mass flow, hence wind velocity and production of mechani-
cal turbulence are dependent on this property. A steep
horizontal gradient is unfavorable to fog formation.

The modifying influences to which the air mass proper-
ties will be subject in the near future are in part dependent
upon whether the mass will be in motion (characteristic
of advection fogs), or whether it will remain stagnant
(characteristic of radiation fogs).

1. ADVECTION FOGS

In the case of marked advection the significant air
mass properties may be subject to the modifying influ-
ences considered below:

(1) Absolute humidity—(a) May be increased by evap-
oration from a water or damp ground surface, or from
falling rain or snow. For air mass fogs the evaporation
from a water surface is the most itnportant. But this
process alone can never produce saturation except as
T¢T,>0, which as has been pointed out is an exceptional
condition to result in fog formation.

(0) May be decreased by the deposit of dew, or by the
condensation and falling out of rain or snow. The drying -
effect of a mountain range on an air current forced to
blow over it is the most marked instance of decrease of
absolute humidity by precipitation. :

(2) Vertical temperature gradient—(a) May be in-
creased by relative heating of the lower levels or by rela-
tive cooling of the upper levels. The first process may
occur by contact with a warmer surface (T~T,>0),
by direct absorption of solar radiation, or by the condensa-
tion of water vapor. Generally T,~T,>0 holds over
land in the warm season and by day, over water in the
cold season and by night. The direct absorption of solar
radiation takes place by day, and to the greatest extent
in the air layers where the absolute humidity is greatest,
hence normally the ground layers. The condensation of
water vapor takes place in the lowest layers only in the
course of fog formation. It is most rapid with the exces-
sive steaming over a markedly warm water surface. The
second process, the relative cooling of the upper air layers,
may take place by a net direct radiation of heat to space,
or by the evaporation of condensation products. Thege
are of minor importance, the cooling by direct radiation
perhaps playing an appreciable role at an upper inversion
surface at which there occurs a marked decrease in abso-
lute humidity or dust content of the air. Such a surface
is an active radiating surface.

. () May be decreased by relative cooling of the lower
air levels or by relative heating of the upper levels. The
first process may occur by direct contact with a colder
surface (T,~T,<0), by a net direct radiation to space,
or by evaporation of condensation products. Generally
Ty-Ta<0 holds over land in the cold season and by
night, over water in the warm season and by day. The
net direct radiation of heat to space takes place at night
from the air layers where the absolute humidity is
highest, or normally the ground layers. Cooling by
evaporation is relatively unimportant. The second
process, the relative heating of the upper air layers, may
take place by direct absorption of solar radiation, by con-
densation, and by adiabatic compression. A good radi-
ating surface, at a humidity and dust discontinuity, is
also a good absorbing surface. Heating of upper sair
levels by condensation is quite important in the cu. ni.
convection of unstable M. P. A., Heating by adiabatic
compression of the upper air layers is marked in the upper
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portion of a developing anticyclone, where it usually
results in the formation of a large inversion.

(¢) A constant vertical temperature gradient, by a cor-
responding change of temperature at all elevations, occa-
sionally may be of significance for fog formation. Such
is the case of cooling or heating by adiabatic expansion
or compression which accompanies the deepening or
filling of a cyclone, and the case of cooling by the forced
ascent of the fog-forming air mass caused by orographical
obstacles.

(3) Horizontal pressure gradient.—(a) May be increased
by a convergent air flow and resultant crowding of iso-
bars. This is characteristic of cyclonic development,
especially of the northward flow of T. A. masses.

(0) May be decreased by a divergent air flow and re-
sultant spreading of isobars. This is characteristic of
anticyclonic development and the southward flow of
P. A. masses. '

The detailed consideration of each kind of advection
fog follows, first those characterized by T,~T, <0, then
those for which T,~T,>0.

MONSOON FOG

In the forecasting of monsoon fog it is necessary to
distinguish between the narrowly coastal phenomenon
due to the daily exchange of air between land and sea,
and the much more extensive irregular formation due to
a steady drift of air during a number of days from land to
sea. The daily monsoon fog is extremely regular where
the temperature contrast between land surface and sea
surface is great, and disturbing influences slight. In such
a region, as on the California coast, once the normal con-
dition is established, fog may be predicted to appear regu-
larly as long as no cyclonic activity is foreseen of sufficient
intensity to interfere with the regularity of the daily sea
breeze. In regions where the daily monsoon circulation
is weaker, as on the western coast of Norway, where the
ocean temperatures are characteristically warm (for the
latitude) instead of characteristically cold, the forecaSting
of fog becomes a very delicate problem. It is absolutely
essential for the forecaster to be thoroughly acquainted
with the characteristic peculiarities of the coast region,
and to take into account the insolational heating of the
land during the preceding days, the prevailing relative
humidity of the warm air mass, and the surface sea tem-
perature. Once the fog has made its appearance, it can
be forecast for the following days as long as there is no
marked change in conditions.

The distance inland to which the daily monsoon fog
will penetrate depends upon its vertical extent and den-
sity, the strength of the sea breeze, and the value of
T,—T, when the foggy air mass comes over land. This
difference, always negative over the sea where the fog
formation occurs, is always positive when the fog comes
on shore, hence, warming of the air mass from below and
dissipation of the fog begin at once. On the Norwegian
" coast the fog is not exceptionally dense, and usually about
1,000 to 1,400 feet in depth as it comes in from the sea.
In the early afternoon it never penetrates more than 20
miles inland from the outlying points of the coast. Fre-
quently it does not advance inland at all. But with the
setting of the sun and beginning of radiation cooling over
the mountains along the coast the moisture which has been
coming in with the sea breeze appears as a low stratus,
often growing down to the ground before morning, as
gsurface fog. Such formsations may extend 30 miles
inland from the outermost coast. No doubt the more
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potent daily monsoon fog formations such as those on the
California coast may be both denser and deeper, and
pgnet,rate further inland than the distance mentioned
above.

For inland aviation this type of fog has no significance.
For coastal flying it can be a great nuisance in certain
sections. However, its regularity of occurrence and its

. limited horizontal extent are mitigating factors. Pre-

sumably as long as only the daily land and sea breeze is
concerned, the fog does not extend out over the sea to a
much greater distance than it is brought inland in the
late afternoon, though observational material is rather
lacking on this point. But as soon as the more persistent
air currents enter into the situation the conditions are
very different.

In the case of the more persistent and widespread mon-
soon fog, of which an excellent illustration has been dis-
cussed, there is found the best opportunity of forecasting

fog from a consideration of simple air mass properties.

In the first place, there must exist a pressure distribution
that will bring a steady flow of warm air from the land
to the sea. As this air mass cools over the water, the
essential condition for the formation of an extensive mon-
soon fog is the absolute humidity which characterized the
lower levels of the mass when it left land.

Unless this moisture content is such that saturation will
be reached at a temperature appreciably above the sea sur-
face temperature, fog formation is unlikely. Evaporation
from the cold sea surface can not raise the moisture con-
tent of the air mass sufficiently to render saturation pos-
sible at a temperature higher than that of the water sur-
face except for the slight amount which can take place
at the expense of the heat content of the air. If the out-
flow of warm air is so marked that air temperatures over
the sea show a considerable increase, and if humidities
are not excessively low, a general fog formation can be
predicted with certainty as the temperatures begin to fall
in the same air mass. In the case considered previously
the air temperature at Jan Mayen one day before the
first fog appearance was 10° C. above the sea temperature,
which is very unusual for that station. Fog first ap-
peared 24 hours later with an air temperature still 6°
C. above the sea surface temperature. Complete stagna-
tion of the foggy air mass with gradual weak anticyclonic
development as the air cools is the condition favorable
to the extreme development of the fog. Presumably
under such conditions it reaches a thickness equal to
that of a high sea fog, some 2,500 or 3,000 feet according
to Taylor.

The persistence of such a fog when once formed makes
this extensive monsoon fog the type of ready formed fog
which can most reliably be forecast long in advance,
simply on a basis of the movements of the air mass. This
1s recognized in England, where in summer a wind off
the North Sea, if fog has already formed there, is certain
to bring the fog inland. Summer fog over the North
Sea is nearly always of the monsoon type. It may move
many hundreds of miles over the sea, and from 100 to
200 miles or even more inland without dissipation. The
rapidity of the dissipation depends on its thickness,
density, and the difference T,—T,. No doubt quantita-
tive rules for this dissipation can be derived empirically
from sufficient observations, or from theoretical consider-
ations. Usually, however, the sensitiveness of fog to
changing conditions and the multiplicity of modifying
influences is such that quantitative mathematical treat-
ments are useless.
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For ordinary shipping this extensive monsoon fog
is of much importance, but for inland aviation it figures
only in the comparatively rare event that it is brought
far inland. These cases can always be forecast with the
same accuracy as air mass movements. For trans-
oceanic flying fog is less of a hindrance than for inland
fiying, for the aviator can fly above it as long as it is not
pecessary to come down. Present methods of orientation
by radio make this more practicable than formerly.
Furthermore, a forced descent through fog over the water
does not involve the same danger of collision with ob-
stacles or difficulty in finding a landing place that it
does over land.

SEA FOG

In general the same considerations hold for the fore-
casting of sea fog as for the extensive monsoon fog.
The only difference is that the warm air mass comes from
a relatively warm water surface instead of a warm land
surface. This means that the absolute humidity is
always great. The temperature contrast and therefore
the cooling of the warm air massg is usually less than is
the case of monsoon fog, but the originally high absolute
and relative humidity necessitates a comparatively
small degree of cooling. Almost invariably a moderate
flow of air from warmer to colder water surface will
result in fog formation over the colder water. How
quickly this formation will occur depends upon the
horizontal temperature gradient in the water surface,
the rate of flow of the air mass, and its temperature and
absolute humidity. If the air mass has previously been
long at rest or in slow movement over the warmer water,
it can be counted on in its lower layers to be nearly
saturated at about the temperature of the water surface
it occurs over. Strong wind velocities effect a too rapid
dissipation upward of moisture and cooling to permit
of dense fog.

The vertical extent of sea fog has been studied by G.
I. Taylor off the Newfoundland Banks on board the
Scotia, in a series of kite ascents. As he remarks, it may
occur s0 low over the sea that on the deck of a large
ship the visibility is only a 100 feet, while the masts
extend completely above the fog. This probably repre-
sents an early stage in the development, with very shght
winds. A normal depth of sea fog seems to be from 300
to 1,000 feet, and the extreme depth observed by Taylor
to be 2,500 feet. The fog when once formed is persistent.
When carried over warmer water it dissipates but slowly.
For both monsoon fog over the sea and sea fog the
dissipating effect of heating by the direct absorption of
solar radiation seems to be comparatively slight. They
develop and persist equally well, as far as can be judged
by general observation, under clear or overcast sky. In
general, however, monsoon fogs are characterized by
clear skies, sea fogs by overcast skies, simply because
insolational heating over land and absence of cyclonic
activity are favorable to monsoon fog formation, while
the general transport of air northward under weak
cyclonic activity is favorable to sea fog formation in
tgose localities where there are rapid changes in sea sur-
face temperature. Its dissipation is usually dependent
upon the blowing up of a fresh to strong wind or the
displacement of the foggy air mass by one of different
properties. For aviation it has no significance except
in transoceanic flying, where the only distinction to be
made between it and extensive monsoon fog is that it is
less likely to affect coastal districts.
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TROPICAL AIR FOG AND HAZE

As with monsoon fog, the result of land and sea tem-
perature contrast, and with sea fog, the result of local
sea surface temperature contrasts, so with tropical air
fog, the result of the general poleward gradient of all
surface temperatures, the essential factor to be considered
in the forecasting of the fog is T,~T,. . But with tropical
air fog, when the air mass concerned is really of sub-
tropical origin, the modifying influences affecting the
mass in its long journey northward are more important
than its original properties. Such an air mass, at least
over western Europe, always leaves its source rather
warm and dry. No fog will appear in it before it has
been very considerably cooled in its lowest layers, or
else has suffered a very considerable increase of its
absolute humidity. Therefore tropical air fog is char-
acteristic only of northerly regions, after the air mass has
moved a long distance over cooler surface. Due to the
thermal stratification caused by the long cooling from
below, and the fact that only the strongest T. A. currents
can move s0 far northward, this fog usually occurs with
fresh to strong winds. Over the sea drizzle and a mod-
erate degree of fog may always be forecast with fresh
to strong winds between south and west southwest
when the air mass is of southerly origin. The further
north the latitude and the more abnormally cold the
sea surface the greater will be the fog density. This
type of fog is always so marked on the west coast of the
British Isles that it is recognized and forecast by the
English forecasters. It also usually forms in the passage
of the T. A. current over a continent in winter, especially
over a snow surface, but never in summer. In summer
the T. A. current gives rather a dry heat haze and opales-
cence which is always characteristic of T. A. masses in
the absence of sufficient cooling to give fog or drizzle.
In no case whatsoever is T. A. accompanied by really
good visibility. The appearance of fog comes gradually
with the northward progress of the air current, so that
it never appears unexpectedly as a dense formation
without previous warning. Therefore fog need not be
forecast upon the approach of a T. A. current unless it
has already appeared to some degree in the current.
Furthermore, it is always most marked in the forward por-
tion of the current where the cooling of the air mass is most
pronounced. This gives frequently a distinct moving
fog zone whose position may be forecast with precision
once it has formed. In the warm sector of a rapidly
developing cyclone the fog formation is greatly favored
by the marked adiabatic cooling by expansion. :

In the case of a warm air current moving northward
where the air mass is not really of subtropical origin
but rather M. Trans. A., fog is formed in exactly the
same manner, but certain distinctions must be made.
In the first place, such an air mass is usually more nearly
saturated initially, hence requires less modifications, and
usually gives fog more quickly. In the second place,
due to the smaller amount of cooling it has undergone,
and the frequent persistence in the upper levels of the
original P. A. instability, its stratification is less stable
than that of real T. A., hence fog can not form or persist
with strong winds. Finally, such an air mass in the
absence of fog or drizzle is never characterized by the
dry T. A. haze or opalescence, but by rather good visi-
bility. Only real T. A. can show opalescence.

Tropical air fog becomes as a rule less dense av a given
point after the current has been' maintained for some
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time. But the complete dissipation of T. A. obscurities
may be forecast only for the complete displacement of
the T'. A. mass by air masses of northerly origin.

For inland aviation tropical air fog is of significance
only in winter, and only in rather northerly latitudes.
The haze or opalescence may always be counted on with
T. A. invasions, but it is not usually of a density suffi-
cient to embarrass an experienced aviator. Over the sea
the fog occurs both summer and winter, but is always
more pronounced in winter, apart from the special
monsoon form, which occurs only in summer. The typi-
cal tropieal air fog is not exceedingly dense, but is ac-
companied also by a low stratus deck and drizzle, a
combination which makes flying practically impossible.
It is not possible to fly above the surface T. A. fog with-
out flying above the stratus formations also. It will
rarely be a hindrance for more than 24 hours, because
in regions northerly enough to have the real fog forma-
tion 1t is seldom that the T. A. invasion lasts more than
that. The fog is always most marked in the northerly
portion of the T. A. invasion and with marked cyclonic
activity, hence the displacement by P. A. masses is cer-
tain to occur before long.

ARCTIC SEA SMOKE

The steam fogs due to the advection of cold air over
warmer water are of little practical significance, but will
be considered briefly. Whenever an air temperature pre-
vails over a water surface which is less than that of the
water surface (T,—T,>0) there is present the possibility
of saturation of the air by direct evaporation from the
water surface. When this saturation takes place suffi-
ciently rapidly there occurs the visible steaming which
in the arctic regions is called Arctic Sea smoke. The
density of such visible steaming is dependent entirely
upon the rapidity with which saturation can take place;
therefore, upon the size of the difference T,~T,, the air
temperature, and the absolute humidity of the air.

Whether this steaming will produce real fog or not
depends entirely upon the vertical temperature gradient.
In order to have fog produced, the gradient must be
only very slight at least, probably a marked inversion
is necessary. Such a condition can occur over warm
water only very locally in regions where there is a copious
supply of cold air. Therefore this type of fog need never
be forecast over the open sea, except at the edge of the
Arctic iee. It may occur over an arm of the sea which is
nearly surrounded by very cold land surface if winds are
light. There it may be forecast under s conditiop of
extreme cold (anticyclonic radiation type) and light
winds. Under such conditions it may become a very
dense fog. The Bay of Fundy, the Baltic Sea, and the
northern Norwegian Fjords are subject to it in winter.
It will not appear at an air temperature warmer than
—6° or —8° C. in these regions. For aviation it is of
negligible importance.

EARLY MORNING AUTUMN STEAM MISTS

The forecasting of these mists is exactly the same in
principle as that of the Arctic Seasmoke. As in the case
of the Arctic phenomenon, there is no fog formation unless
there is 8 marked low inversion to prevent the convective
dissipation of the steam warmed air. This condition is
furnished over inland lakes, rivers, etc., whenever there is
a marked depression of the land surface, by the gravita-
tional flow of radiation cooled air from the surrounding
ground surface. Furthermore, the fact that such radia-
tion_cooled air is nearly saturated or even quite saturated
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(radiation ground fog) renders the steaming visible
(because supersaturation is so quickly reached) at higher
temperatures than Arctic Sea smoke is usually visible.
The effect of almost complete initial saturation of the
air is shown in the rising of steam mists over woods and
valleys after a heavy warm rain. Probably the fact that
slightly cooler air often follows such a rain favors the
steaming. But such steaming never forms real fog; it
rises too quickly, due to the absence of inversion. An
extensive fog is never formed over a warm moist land
surface, as is frequently assumed in the explanation of
general fogs.

In general, whenever ground fog of the radiation type
may be forecast (discussed below), then steaming over
water bodies may be forecast for the same region.
Whether this steaming will intensify the ground fog or -
dissipate it locally depends upon the local topography,
the temperature difference T,—T, over the water and the
amount of evaporation necessary to produce saturat on
in the air. The depth of the cold air layer depends on
the topography. The greater the value of T,-T, the
greater the steaming, but also the more rapid the forma-
tion of convective instability. High relative humidity
and low temperature in the air mass mean rapid satura-
tion. Hence, in north temperate regions this steaming is
more likely to cause dense fog in the winter than in the
autumn, for snow cover on the ground favors great
radiation cooling, while at the same time the water surface
has become sufficiently cooled so that T,T, is not exces-
sive, and the general low temperatures mean that only
a small amount of evaporation is necessary to produce
saturation. This accounts for the observation of Klein-
schmidt in the region of the Bodensee in Germany, that
in the sutumn the frequency of fogs over the Bodensee
was much less than over the surrounding country, but
later in the winter became slightly greater. At the same
time, cumulus convection was much greater over the
lake both autumn and winter than over the surrounding
country. For any particular locality the question of
whether the steaming will cause formation or dissipation
of fog is best determined from & study of accurate records
in the region concerned. In early autumn in flat country
even a very small water surface has always a marked
preventive influence on the formation of radiation ground
fogs, locally, as is so well recognized by the German
avistion pilots.

The significance for aviation of autumn steam mists
as fog producers is very slight, for they are extremel
local, and when productive of fog the fog is local. Suc
local formations can be avoided by a pilot that knows
the region.

Furthermore, the fogs formed by this process are quite
shallow, probably seldom exceeding 200 meters. The
real significance for aviation of the warm water steaming
lies in its fog dissipating effect. A river course may be
the only route which can be flown through an early
morning ground fog of the radiation type.

2. RADIATION FOGS

In general radiation fogs, in contrast to advection fogs,
are favored by almost complete stagnation of air mass
movement. Therefore, the forecasting of fogs of this
type is dependent upon & consideration of the modifying
influences of local conditions upon the air mass already
present and at rest rather than on a consideration of the
modifying influences upon a distant air mass of the route
traveled by that mass. In this case of the stagnating
air mass the same properties of the mass are significant
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for the formation of fog, absolute humidity, vertical
temperature distribution, and horizontal pressure dis-
tribution, as in the case of the advection fogs. But in
this type of situation the lightness of the wind velocities
is sucﬁ as to permit of a sufficient local concentration of
active nuclei of condensation so that this becomes a
fourth property of the air mass significant for fog forma-
tion. The respective modifying influences which affect
the air mass properties are of rather different relative
importance in the radiation fogs, and therefore require
brief consideration, as follows:

(1) Absolute humidity.—This property is comparatively
stable in a stagnating air mass, for evaporation from a
water surface is greatly diminished in the absence of wind,
and in the low temperatures characteristic of the lower
levels of such a mass, precipitation is usually lacking, and
the drying process effected by mountain ranges on ad-
vective air currents forced to pass over them becomes
impossible in a stagnating mass. The decrease of ab-
solute humidity by the deposit of dew is favored, but
this process is always insignificant quantitatively at more
than 1 meter above ground. ) )

(2) Vertical temperature gradieni.—This property is
comparatively variable in a stagnating air mass, because
the lightness of the prevailing wind permits of & cumu-
lative effect of the modifying influences in producing
thermal stratification. These modifying influences are
the same as with the advection fogs, except that the
radiational cooling and insolational heating of the ground
surface which is especially favored by this type of situ-
ation is so pronounced that direct conduction of heat to
or from the underlying surface assumes the most import-
ant place among these influences. The heating of the
upper layers by adiabatic compression in the course of
an extensive anticyclonic development becomes much
more important than in the case of advection fogs.

(3) Horizontal pressure distribufion.—Since radiation
fogs are always characterized by light winds, the hori-
zontal pressure gradient is never steep. Due to the
sensitiveness of these fogs to comparatively light winds,
this is an essential conditions, so that the weakening
of the pressure gradient by the divergent air flow which
accompanies gradual anticyclonic development is often
an important modifying factor. . )

(4) Density of hygroscopic nucler of condensation.—
This is a property which is subject primarily to local vari-
ations, though when conditions are favorable it may
vary singificantly throughout the air mass. The modi-
fying factors to be considered are (1) the location of
sources of pollution (industrial regions) which suppiy
the active nuclei, (2) the prevailing winds (both direction
and velocity) which determine the local distribution of
these nuclel within the air mass, and (3) the action of
the sun’s rays in increasing the hygroscopic properties
of the nuclei. o

The detailed consideration of each type of radiation
fog follows.

GROUND FOG

Ground fog, or radiation fog accompanying a ground
inversion, probably is a greater nuisance to inland avia-
tion than any other type of fog. In the eastern United
States, where certain other types of fog which are very
frequent in Europe are comparatively rare, it is quite
possible that this ground fog causes more trouble than
all other types combined. This is not due to its greater
density, extent, or persistence. It is usually only a
morning fog, occurring more or less locally and probably
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seldom reaching a depth of 200 meters. But its signi-
ficance lies in its frequency, irregularity, and the great
geographical range where its occurrence is possible. It
may develop over almost any inland surface during clear
calm nights, and the great irregularity of this occurrence
depends upon a multitude of local modifying conditions
which render its forecasting very difficult. There must
be taken into account both the general air mass properties
and the local conditions. It is impossible to forecast
this fog for a definite locality without a very particular
knowledge of these local conditions.

Considering first the general air mass properties which
are significant for the development of groung fog, the fact
that it is characteristic of aging anticyclonic conditions
shows that its formation occurs in C. Trans. A. masses.
As has been pointed out, the principal cooling processes
are by direct radiation of the lower air layers to space,
and especially by direct contact of the lowest air layers
with a radiation cooled ground surface. At any rate,
radiation to space is necessary, hence the first requisite
for radiation fog is a clear or at least partly clear sky.
In the second place, since this cooling must not be too
rapidly dispersed by turbulence, the wind velocities must
be light. On the other hand, some slight turbulence is
necessary if the cooling is to extend more than 3 or 4 feet
above the ground (limit of effect of cooling by conduction
in a single night), therefore a very light wind is favorable.
According to Taylor, in only 2 out of 70 instances of
radiation-fog formation at Kew was the wind velocity at
8 p. m. of the evening before greater than 514 miles per
hour. Hence usually a wind at 8 o’clock of more than
6 miles per hour seems to be enough to make a no-fog
forecast. In the third place, the temperature inversion
that always comes with the ground cooling which effects
ground-fog formation appears early in the evening.
Probably the complete absence of a ground inversion at
8 p. m. is another condition sufficient to warrant a no-fog
forecast, but this rule requires observational confirmation.

Finally, the absolute humidity must not be excessively
low, or the cooling necessary to effect saturation will not
be attained. As has been pointed out, although radia-
tional cooling of the ground is favored by low absolute
humidity of the air above, this effect is more than out-
weighed by the increased direct radiational cooling of the
air and the decrease in the amount of cooling necessary
to produce saturation which goes with high absolute
humidity. Usually, except in arid regions, it will not be
low, because the %'reat insolational heating by day in
clear, calm anticyclonic situations results in considerable
evaporation from ground and water surfaces. The cool-
ing near the ground already early in the evening is
usually such as to cause a high relative humidity and
deposit of dew. Probably the absence of any deposit of
dew on the grass at 9 p. m., or by the time of complete
darkness, is another condition warranting a no-fog fore-
cast, but this rule also requires observational verifica-
tion. Then the general conditions necessary for the
forecasting of ground fog are—

(1) Mostly clear skies.

(2) Light winds, not more than 6 miles per hour at 8
p. m., but preferably not absolute calm.

(3) Thermal stability and early evening appearance of
ground inversion. .

(4) Sufficient absolute humidity, indicated by early
evening deposit of dew.

Turning now to the local influences which must be
especially considered in forecasting ground fog for any
district, the most important of these are topography, the
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presence of bodies of open water, and industrial regions as
gources of atmospheric pollution. The influence of the
local topography depends upon the tendency of radiation
cooled surface air to collect in low lying places. This is
responsible for the marked tendency of ground fog to
form in low-lying places and the freedom of high locations
from it. It also makes the formation of fog possible in
- absolute calm in the absence of dll turbulence, due to the
depth of the cold air. In flat country a certain amount
of turbulence is necessary to carry the effect of ground
cooling upward through a thicker layer than that for
which the molecular diffusion of water vapor downward
can prevent supersaturation by the deposit of dew.

The effect of local bodies of water in supplying heat
and moisture to a radiation cooled air mass has been
considered at some length under autumn early morning
‘steam mists, As was pointed out there, this effect may
be either to dissipate ground fog locally or to favor its
formation, depending upon topography, temperature
contrast between water and air, and the extent of the
water surface. One phenomenon which may be closely
related to a relatively warm damp underlying surface
should be especially considered here. This is the very
low ground fog which is especially characteristic of low-
lying damp or swampy districts. It is such that two
people coming toward each other through it may see each
other’s head and shoulders while the rest is concealed.
It is rather frequent in certain localities in the southeast-
ern United States as well as in Europe. The writer of
this paper has not had the opportunity of observing such
a fog, well marked, at first hand, nor does there appear
to be any observational data such as to throw light on
its nature. This would requiré merely a very few precise
measurements of temperature of ground surface and of
the overlying air mass through the first few meters and
observations of the exact nature of the ground surface
over which the formation occurs. However, in the
absence of all such information, the following explanation
of this low ground fog seems the most reasonable to be
offered. In the first place, it is evidently a radiation fog,
as it occurs only in clear calm weather. In the second
place, the underlying ground surface must be warmer
than the overlying air layer; otherwise, if Taylor’s calcula-
tions are correct, supersaturation in the first 3 or 4 feet
above the ground should be forestalled by molecular dif-
fusion downward of the water vaper and its deposit as
dew. Furthermore, the fact that the fog extends to just
that height that molecular diffusion may be expected to
extend in the course of one night, according to Taylor,
seems to indicate that it is the result of evaporation from
a slightly warmer underlying surface, in the complete
absence of any dispersing turbulence. If this is the
explanation, the air must ﬁave been cooled over a dryer
or grass-covered radiation cooled surface, and settled over
the warmer moist surface, or possibly due to its high
moisture content has cooled by direct radiation. A
moist earth surface cools very slowly by radiation, a grass
cover very rapidly. At any rate, since the phenomenon
seems to be due to molecular diffusion of vapor upward
from the ground, the following conditions must hold for
its formation: .
. (1) Absolute calm and thermal stability (no turbu-
ence).

(2) A very high initial relative humidity in the lowest
air layer.

(3) A small positive value of the difference T,—Ta.

If now careful observation should show that this for-
mation occurs over a moist surface such that T,-T,<0,
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then not only a different explanation of this phenomenon
must be found but also Taylor's quantitative computa-
tions and conclusions will be in part invalidated.

The local effect of a large industrial city, the result
both of smoke obscurity and the production of hygro-
scopic nuclei of condensation, requires no detailed con-
sideration here. In such a region the factors to be
considered in forecasting are:

(1) Wind direction (whether it blows from or toward
the source of pollution); .

(2) Wind velocity (how far the impurities will be
carried and how rapidly dispersed by turbulence);

(8) Vertical lapse rate (how rapidly the impurities will
be dispersed upward); and

(4) Time of sunrise (effect of sunlight in increasing
hygroscopic properties of nuclei).

The importance which this factor can attain is shown
by a comparison of general visibilities prepared by
Entwistle * for the aerodromes Croydon and Stag Lane
near London. Croydon is southwest of London, Stag
Lane north, and the contrasting visibilities with winds of
different direction at these two stations is striking.

A complete and satisfactory mathematical solution of
the problem of the forecasting of ground fog will probably
never be possible, because of the great number of compli-
cating factors. Calwagen made an attempt at such a
general mathematical formulation of the conditions, but
to get the thing in a practically workable form he had
to make so many simplifying assumptions that the
solution had no real significance. And even then he had
completely passed over the very important locally vari-
able conditions. An empirical method of attacking the
problem has been suggested by G. I. Taylor. It is
simply a graphical method of analyzing the past records
of a particular station to try to find a definite relation
between conditions and ground-fog formation such that
the forecasting of fog is made routine. This method
has the disadvantage that it can be applied only to a
locality for which there exist records over a sufficient
tilne to make the preliminary statistical analysis. But
it has the advantage of being particular for each station
go that the local modifying influences are constant and
are automatically expressed in the general relation ob-
tained. The method as developed by Taylor has been
tried out at a number of aerodromes in England with
only a moderate degree of success. However, the method
as applied by Taylor seems to be capable of further
refinement. ¥Ie simply takes for a given station all
evenings on which the formation of ground fog seems
possible (clear skies, light wind) and represents the con-
ditions in a field of coordinates where the ordinates
represent the difference between dry-bulb and wet-bulb
temperature (or relative humidity, or vapor pressure)
and the abscissae the current temperature at 8 o’clock.
The conditions on each evening are represented by a
point in the field, it being indicated whether fog forma-
tion followed later in the night or not. Taylor found
that a smooth curve could be drawn through such a field
of points so that nearly all the points above the curve
represent conditions which were followed by nights free
of fog. Below the line about half of the points represent
conditions followed by fog formation, half not. Hence
such a diagram sets off definitely for the locality to which
it applies certain limits within which fog can not occur
(too low humidity) and certain limits where it may defi-
nitely be expected. There is no reason why this method

# Meteorology in Relation to the Selection of Aerodrome Bites, pp. 4-5.
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can not be extended further to include other factors
than temperature and humidity. If wind direction and
velocity and perhaps vertical temperature gradient were
indicated also in the manner of entering the points on
the diagram, other regularities might well appear in the
distribution of the points representing fog formation,
relative to the factors other than temperature and
humidity, at each particular station. Of course, the
relations found to hold at one station between the
formation of fog and these general factors will not hold
at another where the local influences may be quite
different.

The dissipation of ground fog can almost always be
forecast with certainty to occur before the middle of the
morning. Ordinarily, in the open country, the later in
the night it forms the less is its extent and density, and
the sooner will it dissipate in the morning. Accordingly
the dissipation may come at any time from sunrise till
10 or 11 o’clock. Only occasionally over big cities, as
London or Hamburg, a real ground fog may persist
through the whole day. In such a case the fog is probably
more than 200 meters thick to begin with, and very
dense. The influence which effects this density and per-
sistence is the hygroscopic action of the nuclei of conden-
sation, acted on by the sun’s rays. This local influence
of cities on the persistency of ground fog must always
be considered in forecasting its dissipation.

An observation made by W. Georgii in the course of
much night-flying experience on the western front during
the war deserves special mention here. He remarks that
the beam of a searchlight (such as those used at certain
American airports to determine cloud elevations by
night), if directed upward on a perfectly clear night, will
show the first stages of the formation of a radiation fog
hours before it may become visible to the unaided eye.
Even when the air looks to be perfectly clear, the path
of the beam of light observed from below appears as a
whitish disk if the first stage of fog formation has begun.
A systematic observation of this phenomenon might give
information of practical value in forecasting radiation fog
some hours in advance. How long in advance this disk
becomes visible, and the significance of the clearness with
which it stands out, are points which remain to be deter-
mined by regular observation. It may prove to be of
no practical value whatsoever.

HIGH FOG

As has been pointed out, high fog formation takes place
with the anticyclonic development occurring when the
extensive mass of P. A. constituting a major cold out-
break becomes stagnant in late fall or winter over a
continent. It was further shown that western and central
Europe is the region especially favoring such develop-
ments, and that they do not occur in North America.
Therefore, this discussion of high fog forecasting applies
only to central and western Europe. The stagnation of a
great P. A. mass over Europe means a blocking of the
usual characteristic winter westerly air current over the
continent which ,follows from the gradient between the
normal semipermanent Icelandic Low to the north and
ridge of high pressure over southern Europe which is a
normal east-northeastward extension of the semiperma-
nent Azores High. Hence the situations in which the
typical high fog formation ocecurs, with the center of a
very marked anticyclone over central Europe, is quite
distinctive and not to be mistaken. From this it follows
that the first two essentials in forecasting the formation
of this fog are (1) the season of the year should be between
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October and March, inclusive; (2) the general circulation
is stagnant, with an extensive anticyclonic development
in air of polar origin over central and western Europe.

Now the formation of high fog does not follow with
every such anticyclonic development. This depends on
the properties of the air mass, to begin with, and the
modifications of these properties in the resting mass.
The most essential consideration for forecasting is that of
the initial conditions in the mass, and these are a direct
reflection of its past history. The significant difference
is that between a P. A. mass which invades Europe from
the NE., having passed overland over Prussia in its move~
ment southward, and one which comes from due N. or
NNW., having passed over the open sea. In the former
case the air arrives cold and rather dry throughout. If
high fog development occurs it is only very slowly after
long subjection to the modifying influences, and it never’
reaches the density and extent that it does in the second
case. When the P. A. mass has passed over the open sea
In coming southward it is warmed at lower levels, hence
the vertical gradient steepened, and the absolute humid-
ity greatly increased, which renders very dense high fog
development possible. The development of high fog ms
always be forecast in the case of the stagnation o% suc
a P. A. mass. In the first case it should not be forecast
unless it actually begins to make its appearance.

In the course of the development of the stagnant anti-
cyclone the following important modifications of the air
mass properties occur:

(1) Heating of the upper layers by the adiabatic com-
pression resulting from the sinking and spreading of the
air mass, and from the establishment of anticyclonic
circulation. This results in the formation of a surface
of subsidence.

(2) Cooling of the lower levels up to the surface of
subsidence by direct radiation to space and by contact
with the radiation cooled underlying surface. This
results in the development of a marked inversion at the
surface of subsidence.

(3) Gradual infusion of moisture (if the air mass is
dry), smoke, and hygroscopic nuclei of condensation
throughout the mass up to the inversion.

(4) A gradual weakening of the horizontal pressure
1g-radljent, and therefore a decrease of wind valocity at all
evels. :

Evidently enough, the air mass which has come over-
land and is cold and dry initially in the lower levels can
only give fog after long continued action of the third
factor. And this is most effective on the western side of
the anticyclone, where the inversion is becoming pro-
gressively lower, and the air has moved farthest from its
source over the continent, and is moving northward
again after having passed farther south. From this
follows the generally observed fact that high fog does
usually occur first in the western portion of a dry central
European anticyclone. The fact that high fog does not
occur in the United States is a necessary consequence of
the fact that all P. A. outbreaks are of the continental
type, and that the general winter circulation over the
United States is such that the third influence mentioned
above does not have time enought to act, the stagnation
is not sufficient.

In the air mass which has come over the open sea the
cooling of the lower levels is aided by the direct radiation
to space resulting from its great absolute humidity, and
the tendency to reestablish a normal gradient, which
seems to be about 0.6 the dry adiabatic up to the inver-
sion. The fog formation occurs first at the base of the
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inversion, probably because it is an active radiating sur-
face, and grows downward. Therefore in the central
regions of the anticyclone low stratus rather than sur-
face fog should be forecast to begin with. In the periph-
eral portions it becomes progressively lower until it
appears as surface fog. The formation begins almost as
soon as the stagnation sets in, due to the high absolute
humidity.

High fog reaches its greatest density at the base of the
subsidence inversion, and may extend as a dense fog
down to the ground. The condensation sometimes goes
so far as to give light precipitation. It is very extensive,
often covering a good part of western Europe, and is the
highest type of fog. A normal height of such a fog at
the center of the anticyclone, according to Georgii’s
observational data, seems to be about 1,000 to 1,200
meters, but in cases it extends to at least 1,700 meters.
The fog frequently grows denser day after day, as long as
the situation persists. But it frequently also shows some
evidence of a daily period, being densest in the early
morning. Such a fog may completely cripple all avia-
tion lines over an extensive region for a period of weeks.
Often, however, in flat country it is sufficiently high
above the ground so that flying is feasible below the
dense stratus. But in such a situation, visibility is
always rather poor.

When such a fog is once well established, its dissipation
is effected only by a displacement of the anticyclone and
the stagnant air mass. Usually this is effected by a
regeneration of the Icelandic Low, and a reestablishment
of the normal circulation with westerly current over
Europe. Cloudless skies, dry air, and intense insolation
above the subsidence inversion seem to have no per-
ceptible effect in dissipating the fog. No doubt when
the fog is once formed, reflection of the sunlight from its
upper surface is an important factor in maintaining the
inversion persistently.

INVERSION HAZE

Inversion haze, like the radiation fogs that are depend-
ent on inversions, are of two types, according as the
inversion is & ground inversion or a high inversion. But
the forecasting of such haze is much easier than that of
the fog, for the haze obscurity is directly proportional to
the conceutration of the smoke pollution, and not
dependent on the attainment of any saturation concen-
tration, as fog is, before it becomes visible.

In the forecasting of ground haze (ground inversion)
the essential factor is the ground inversion. This inver-
sion is that formed by the radiational cooling of the ground
surface and lower air strata which occurs in the course of
a single clear calm night, exactly as considered under
ground fog. Other things being equal, the densivy of the
haze is about proportional to the amount of the inversion.
As has been pointed out, the occurrence of a ground in-
version requires almost complete calm. Therefore,
ground haze is very local in the region of the source of
pollution. What wind drift there may be carries the
haze with it, so that the expected direction and velocity
of the wind must be considered in forecasting the haze
distribution. This haze is of slight general significance,
because it is so local, but for a particular aerodrome it
may be of some consequence, for it may become quite
dense, and is always low. In the case of ground fog
formation, the haze is no longer detectable.

In the case of the high inversion haze the principal
factor is the same high inversion which accompanies an
extensive anticyclonic development, exactly as discussed
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under high fog. As soon as such an inversion becomes
marked, and this happens invariably in the settling of a
stagnant P. A. mass, the high inversion haze begins to
appear in industrial regions. For this phenomenon the
dryness of the air makes no difference, except as it may
be obscured by fog, so the past history of the air mass has
no significance. In general, the density of the haze is
proportional to the amount of the inversion, and inversely
to its elevation. Since this is a persistent phenomenon,
the high inversion haze may gradually increase in extent
and density day after day, until it becomes a general
nuisance over a wide region. ' In forecasting the hori-
zontal distribution of this more general haze, the pri-
mary factor to take into consideration is not the rather
light wind in the lower air strata (below the base of the
inversion) but the direction and velocity of the stronger
winds in the upper portion of the inversion layer and
the base of the layer above. As has been pointed out, it
is probably in the upper poriion of the inversion layer
that the widespread horizontal distribution of high in-
version haze takes place, and in this level that the rather
clearly marked haze layer reaches its greatest density.
This density will be greater if the wind here is light, but
the haze will be more widespread if the winds are fresh.
The upper level of the haze stratum is rather abrupt,
just above the top of the inversion. Its elevation may
be forecast accordingly. As has been mentioned, the
obscuring effect of high inversion haze can not be judged
by the observer on the ground. This effect appears
much greater to the aviator above, often rendering the
observation of landmarks on the ground, especially near
large cities, quite impossible.

3. ADVECTION AND RADIATION FOG—MARITIME FOG

In the case of maritime fog advection is once more the
essential condition for the fog formation, therefore the
principal factors to be considered in forecasting this fog
are again the modifying influences acting on the air mass
as it advances. But the first thing to consider is the
original properties of the air mass. Maritime fog devel-
ops in a M. P. A. mass or a M. Trans. A. mass in the
course of its transformation to a C. Trans. A. mass over
a cold land surface. Therefore it is to be forecast only
as an inland fog, and only during the colder half of the
year. Furthermore, it is to be forecast only upon the
advance inland of M. P. A. or M. Trans. A. masses, which
are characterized by high humidities at least up to the
limits of shower convection, and the first by steep lapse
rate at all levels, while the second is stable only in the
lowest levels. This steep lapse rate and high humidity
are essential to the fog formation. It also follows that
as such an air mass moves inland the remnants of old
fronts, the remaining convectional activity, and probably
some orographical effects will cause considerable cloudi-
ness and often intermittent rain. But this is no obstacle
to the formation of maritime fog.

As soon as the air mass passes from over the warm
open sea to the land surface, the supply of heat and
moisture from below, which has maintained the steep
lapse rate and convectional activity, ceases. There
follows an immediate cooling of the lower level of the air
mass, and a cessation of convection, as a result of the
tendency to establish a normal equilibrium lapse rate.
This is the important modification of the air mass prop-
erties that represents the change from M. P. A. to 8
Trans. A., and which almost invariably results in a more
or less dense fog. In favorable conditions (cold land .
surface, marked original M. P. A. properties in the air
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mass) the fog can be expected within a very few hours of
the movement inland of the air mass, if the winds are not
too strong. Naturally it can not occur in regions which
are closed to direct inundation by maritime air masses
initially of polar origin, as in the United States between
the Rockies and the Appalachians, where it never need
be considered. In regions which are subject to this fog,
it is one of the worst, because it is very frequent, quite
dense and persistent, and usually of considerable horizon-
tal extent. Furthermore, unless the conditions leading
to its formation are thoroughly understood, its appearance
is likely to be quite unexpected, because it comes sud-
denly and in a kind of situation in which no other fog
occurs.
B. FRONTAL FQGS

Asin the case of air mass fogs, the problem of forecast-
ing a frontal fog resolves itself into two parts, namely,
(1) to determine what fronts will pass over the region in
question within the forecast period, and (2) to determine
what their characteristics will be at the time of passage.

The problem of forecasting front movements, like air
mass movements, is the general problem of weather
forecasting for any element, and for that reason is given
no special consideration here. Assuming that the future
position of air mass and front is correctly forecast, to
forecast frontal fogs i1t remains to consider in detail
those properties of the fronts which are of significance for
fog. However, the whole problem of the forecasting of
the first appearance of a frontal fog becomes very com-
plicated, for there are not only the same factors to be
considered as for air mass fogs, but also the modifying
influences of the fronts themselves, which are in turn
variable. Therefore, unless the fog formation has already
set in, the best rules to follow in the practical forecast-
ing of these fogs are the empirical rules determined by
actual experience, and applying to definite localities.
When the fog has once made its apf)earance , the forecast-
ing of the movement of the frontal fog zones is perfectly
straightforward, according to the movement of the
fronts themselves.

The properties of an air mass on which the formation of
fog at any point depends, are always absolute humidity,
temperature and lapse rate, and pressure gradient (wind
velocity), whether it be air mass fog or frontal fog,
except for the locally variable concentration of hygro-
scopic nuclei which plays no part in frontal fogs, on
account of the absence of continued calm. These prop-
erties are subject to the same modifying influences in
the case of frontal fog as in the case of air mass fog, but
it is the modifying influences of the front which are
essential. Therefore the relative importance of the
various influences to be considered in forecasting frontal
fogs is not the same as for air mass fogs. These dif-
ferences are considered briefly for each air mass property:

(1) Absolute humidity.—The increase of humidity by
evaporation from falling rain is the most important
modification of this property in frontal fog formation,
instead of evaporation from warm water surfaces. Dry-
ing by the deposit of dew becomes negligible.

(2) Temperature and lapse rate.—Due to the usual
frontal cloudiness, the radiation process becomes relatively
unimportant in effecting temperature or lapse rate
changes. Also, the steady air movements prevent the
marked cooling of surface air layers by conduction to a
colder underlying surface. Finally the frequent active
cyclogenesis which accompanies frontal activity makes
-cooling by adiabatic expansion a much more important
influence affecting temperature distribution.
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(3) Horizontal pressure gradient.—The marked cyclonie
activity accompanying frontal fogs compared to air-mass
fogs means that modifications of the pressure gradient,
and therefore of air movements, may be both rapid and
extensive.

There follows a very brief consideration of the forecast-
ing of each kind of frontal fog in so far as it is possible in
the light of these factors just considered.

1. PREFRONTAL FOGS

The prefrontal fogs as they appear on the chart are
always distinguishable by their distribution in elongated
zones directly preceding the front, and their abrupt cessa-
tion at the front. The nature of the front (warm,
occluded, or cold) is an important point to note in the
consideration of the fog.

PREFRONTAL FOG BEFORE A WARM FRONT

In the case when the fog formation has already occurred
the forecasting of this fog is simply the comparatively
simple problem of reckoning the front and fog zone dis-
placement. The fog can be counted on to persist without
any sudden dissipation. It is likely to increase in extent
and density until the occlusion of the front, after which
it begins gradually to diminish again. In the case of
acti_‘ée cyclogenesis, the increase in the fog is likely to be
rapid.

The forecasting of the first appearance of this prefrontal
fog is a difficult problem. The two primary factors to be
considered are the local pressure changes in the surface
layers of the air mass in advance of the front, and the
extent of the saturation of these same air layers by pre-
cipitation and the concomitant cooling by evaporation.
The quantitative determination of the first of these fac-
tors is to be arrived at by a consideration of the instanta-
neous surface flow across isobars to lower pressure, the
amount of fall due to the general deepening along the
front, and the fall due to the displacement of the front.
Quantitative computations of the local pressure change
can readily be made on this basis for particular cases. %t
is readily shown that for a secondary development of not
excessive intensity the 6-hour effect may be equivalent to
a vertical displacement of 200 meters, or a cooling of 2° C.
If the air in advance of the front has been saturated by
copious warm front rain, this is quite sufficient to give &
general fog formation. Thus it 18 possible for this type
of fog to make an extensive appearance within six hours.
But this is likely only in the rapid secondary formations,
which are usually the result of the sudden development
of a wave disturbance on & quasi-stationary front. Other-
wise it is not necessary to reckon with such a possibility.
Strong winds are unfavorable to the appearance of this
fog, as of all others, but it may occur with moderate to
fresh winds. For this reason it is rather more likely to
occur inland in the winter, where the winds in advance of
an active warm front are likely to be comparatively light.

The local orographical effect in causing:low stratus
formation in advance of a warm front by the forced
ascent of the moist air mass is a distinct phenomenon.
This will appear as a high fog on the windward side of
exposed locations. The height at which this forma-
tion appears depends only upon the humidity of the
prefrontal air mass, and therefore appears only after
precipitation has occurred for some time, and at continu-
ally lower elevations.

The disappearance of prefrontal fog before a warm
front takes place abruptly with the passage of the front.
The fog zone itself moves farther, and disappears slowly
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only after the occlusion of the front. This type of fog is
often quite dense, while its vertical extent has not been
specifically observed. But since it occurs under a lower-
ing cloud deck and generally bad weather it makes flying
quite impossible. It is not likely to persist longer than
a few hours, preceding the front passage.

PREFRONTAL FOG BEFORE AN OCCLUDED FRONT

There is no difference whatsoever in principle between
fog before a warm front and an occluded front. The
occluded front is simply a later stage of the same thing,
.so that except in the rather unusual case of the regenera-
tion of the front, there is no further development of the
-fog to be anticipated, only a gradual deterioration.
Therefore, the forecasting of this fog depends only on
forecasting the movement of the ready formed fog zone,
as considered for the warm front case.

The development of a low stratus cloud deck by oro-
graphical influences may occur before an occluded front
just the same as before a warm front. For either kind of
front, a high coast line is especially favorable for the
appearance of this phenomenon.

PREFRONTAL FOG BEFORE A COLD FRONT

Before a cold front the formation of fog is again due
to the local pressure diminution, which within the warm
sector is greatest here as a result of the prefrontal fall.
In this case the prefrontal air mass is not saturated by
prefrontal precipitation. But its humidity is high in the
lowest levels because it is T. A. which has undergone the
usual surface cooling resulting in a stable lapse rate and
high relative humidity. If this process has already gone
so far as to cause general T. A. fog, the prefrontal effect
is simply to cause a local increase in density in the fog in
a zone just in advance of the cold front. The properties
of the T. A. must always be considered in forecasting pre-
frontal fog with a cold front, for if the air is not very
nearly saturated to begin with, no fog formation will
occur. This means that it is much less likely in summer
than in winter, and less likely over the land than over
the sea. Over the interior of continents in summer it is
quite out of the question. In general, this fog is of little
practical importance. It is of less density and extent
than the fog before a warm front, except as the situation
is such that the entire warm sector is foggy to begin
with, in which case it is really a T. A. fog, the prefrontal
factor being responsible only for local intensification. It
is of short duration, for either the passage of the cold
front or the occlusion of the warm sector end it abruptly.

2. FRONT PASSAGE FOGS (MIGRATING LOW CLOUD SYSTEMS)

The forecasting of the passage of migrating low cloud
systems is simply a matter of the forecasting of the pas-
sage of fronts. They appear as real fogs at low elevations
on%y in the exceptional case that the frontal cloud base
rests on the ground.

FOG WITH A WARM FRONT

Except over continents in summer time the passage of
a distinct warm front is always marked by the passage
of a comparatively low thick cloud deck, which reaches
its lowest elevation at the passage of the front. The
problem of the forecaster, apart from timing the front
assage, 1s simply to forecast the elevation of the cloud
ase. The best indication by which to judge this is that
of accurate preceding observations of cloud-elevations.
Such moving cloud systems do not change their elevation
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rapidly. Theoretically this elevation can be reckoned
directﬁr from the temperature and humidity in the surface
level of the T. A. current, it being simply the elevation at
which saturation would occur upon the forced ascent of
the air. In the limiting case that this elevation is zero, it
becomes surface fog, but this is to be expected only over
cold water surface or snow-covered land. Mountain ranges
and high coast lines lower the effective elevation of the
cloud base, both by the forced ascent of the preceding air
mass and by turbulent mixing of the two air masses in the
frontal zone. This tendency to a lowering of the cloud
base above such obstacles is very important in aviation
forecasting, for it is exactly here that it is necessary to
be able to count on a certain clearance elevation below the
cloud base. Finally, the passing of the front does not
improve conditions much, for the low T. A. stratus and
drizzle follow.

FOG WITH AN OCCLUDED FRONT

Forecasting the elevation of the base of the cloud
system with an occluded front passage is exactly the same
as with the warm front. But it should be remembered
that with the occlusion of the warm sector the frontal
condensation processes have reached their maximum,
and that gradual-improvement should follow.

This means specifically, with reference to the cloud
system, that it will begin to decrease in density and the
elevation of the base to increase. The unfavorable
influence of certain orographical factors remain. It is no
longer possible for the cloud base to rest on the ground as
real surface fog, except at high elevations. The passage
of the front is marked by the invasion of P. A. with the
characteristic showers and clear air, instead of the typical
low stratus and drizzle of the T. A. following & warm front
passage. There may, over an inland region, follow mari-
time fog.

FOG WITH A COLD-FRONT PASSAGE

The forecasting of the cold front passage with attendant
phenomena is the same as that of the other fronts. The
typical cold front characteristics are those of the line
squall, though usually they do not reach squall propor-
tions, but are more in the nature of a shower with shift of
wind. The cloud base is low, but neverclose to the ground
except over high and exposed locations. The elevation
of the cloud base can not be approximated from theoretical
considerations, but can be estimated only on a basis of
previous observations. Such passages are especially
dangerous owing to the possibility of strong shifting
winds and intense precipitation. These likewise are to
be forecast only on the basis of previous observation, with
especial attention to tendencies toward increasing or
Cold front
passage disturbances are of short duration, rarely much
mote than an hour, and are quickly followed by the usual
intermittent showers and broken skies of the P. A, mass.
Maritime fog may follow a cold front passage over an
inland region, but it need never be looked for immediavely
following a vigorously active front (strong shifting winds
and shower).

3. POSTFRONTAL FOG AFTER A WARM FRONT

This fog is to be forecast on the same principle as a
T. A. fog, for it is really T. A. fog intensified locally in the
postfrontal zone. The principal factors effecting this
local intensification are the coldness of the ground surface
persisting from the prefrontal anticyclonic radiation cool-



466

ing and the mixing with remnants of the prefrontal cold
air mass. It follows that with the advance of & T. A.
current northward the first T. A. fog formation to be
looked for and forecast is in this postfrontal zone. When
once formed it will persist and move with the warm front
until the complete occlusion of the T. A. current takes
place. It is subject to the same seasonal limitations as
T. A. fog, occurring over cold land surfaces in winter. It
does not appear so markedly over water, because the post-
frontal intensifying factors mentioned above are possible
only in inland regions. In general, this zone of post-
frontal fog represents the greatest density of fog possible
in the T. A. current, so that gradually improving visibility
may be expected to follow within a few hours, but not
good visibility within the T. A. current.

PART IV

FOG AND HAZE DISTRIBUTION RELATIVE TO THE SELEC-
TION OF AERODROME SITES

Any discussion of fog and haze bearing in the least on
the aviation aspects of the problem would be incomplete
without a few words on the selection of aerodrome sites.
The rather great local variations in fog and haze fre-
quencies make a consideration of this factor in the choice
of an serodrome site rather important. The most gen-
general treatment of this subject which has appesared is
contained in the paper of Captain Entwistle, Meteorology
in Relation to the Selection of Aerodrome Sites, in which
the principal elements considered are fog, haze, and low
clouds. He goes from a statistical analysis of the records
of these elements at the individual aerodromes in the
British Isles to a statement, in terms of the position and
local topography of the individual stations, of the under-
lying principles explaining his statistical results. Since
the following discussion is intended to be both brief and
perfectly general, it is based on the consideration of the
conditions under which the principal fog forms are likely
to occur, as set forth in the preceding parts of this paper,
from which conclusions are drawn as to the nature of
locations best suited for aerodrome sites.

In estimating the suitability of a given locality for an
aerodrome site only those forms of fog need to be con-
sidered whose frequency or persistence over land is such
that they may visibly affect statistical averages. The
other forms are so scattered and incidental that they are
of no practical importance. The fogs which it has been
found may affect statistical averages over land regions
are (1) monsoon fog, (2) radiation fogs, both ground fog
and high fog, (3) inversion haze, (4) maritime fog, snd
(5) front passage fogs, which affect the fog frequencies
on high exposed locations very greatly, while for lower
locations they affect the low-ceiling frequency. The dis-
tinction between the fogs affecting coastal districts and
those affecting inland districts is so pronounced that
this distinction must be made at the beginning of the
discussion. - :

In the selection of an aerodrome site in a coastal region,
there are the general differences in fog frequencies be-
tween districts to be considered as well as the local differ-
ences within a limited area. Of the five fog types
mentioned above the only ones characteristic of coastal
regions are monsoon fog and front-passage fogs. As we
have seen, there are certain coasts where monsoon fog
is regularly present, and others where it is rather rare.
In general, 1t is in the north temperate regions more
frequent on west coasts than east, because there the
normal eastward air movement brings it on shore more
often. Furthermore, it is best developed in regions less
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frequented by cyclones. Front-passage fogs or migra-
tory low cloud systems, on the other hand, are most
frequent in regions of greatest cyclonic activity, but alse
on the exposed west coasts. Therefore, in general, an
east coast is preferable to a west coast, and a southerly
latitude to a northerly, except where the presence of
particularly cold water off the coast favors monsoon fog.
A high coast line is unfavorable, due to its effecting a
forced ascent of inblowing air currents and condensation
at low levels. This tendency toward a lowering of the
effective cloud base with front-passage fogs has been
considered more closely in the case of the warm front
passage.

Of the local factors to be considered, the principal ones
are the elevation of the site to be selected and its nearness
to industrial regions with their pollution by smoke and
hydroscopic gases. As far as this latter factor is con-
cerned, the principal aim should be to get as far awa
from the source of pollution as possible, on the side
toward which the wind is less likely to blow. In general,
moderate winds are so much more prevalent on the coast
than inland that a coastal site will enjoy comparative
freedom from this source of annoyance. Likewise, when
it comes to the radiation fogs, both high fog and ground
fog, these are not formed to any extent slong the coast,
but are formed inland and may drift out to the sea at
places. Therefore relatively high locations are favorable,
because these fogs must advance over the low and shel-
tered sections.

On the other hand, an elevation greater than about
500 feet should not be chosen on an exposed coast, for
the base of the rather frequent low front passage cloud
systems are often not much more than that, while
monsoon fog is usually appreciably deeper than that,
so that it can not be escaped without being more than
compensated for by low ceiling. At the same time that
an exposed situation favors good visibility it has the
disadvantage of being subject frequently to strong
winds. In general, in a costal district, as far as visibility
and ceiling are concerned, the most favorable location
of an aerodrome site should be a rather high (not above
500 feet) and exposed field on a generally low coast as
far removed from local industrial pollution as possible.
From his statistical analysis of past records at the Eng-
lish aerodromes Captain Entwistle came to exactly the
same conclusion.

For an inland district the problem is more compli-
cated. There every type of fog mentioned above except
monsoon fog may be prevalent. The more general
phenomena, which are not greatly variable within a
comparatively local district, are high fog and maritime
fog. Those more dependent on local variations of
topography, proximity of sources of atmospheric pollu-
tion, and possibly the nature of the ground surface, are
ground fog, inversion haze, and Iow ceiling. Con-
sidering the more general phenomena first, it has been
pointed out that high fog is characteristic only of very
extensive inland continental regions that are open to
the direct invasion of the great P. A. outbreaks which
have moved across the open sea and where also stag-
nation of the general circulation may occur. Practically

speaking, this means western and central Europe, where:

they are prevalent over all regions and not to be avoided.
Maritime fog occurs in any inland region open to the
invasion of air masses originally of polar origin which
have become thoroughly maritime in character. This
means any northerly or north temperate inland region
which is not protected from the inflow of such air masses

s sl
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by mountain barriers. Since the normal air flow is from
the west, it also means that the western portions of large
continents are most subject to them. Except as it is
possible to locate an aerodrome in the lee of a range of
mountains or high hills, which is always a good plan
where practicable, it is not possible to avoid maritime
fog locally.

An examination of the locally variable fog forms is of
much greater significance in the choice of an inland aero-
drome gite. They merit careful individual consideration.
As far as the front passage fogs are concerned, the eleva-
tion of the base of the migratory low cloud systems
becomes higher with passage inland from the coast.
Usually they appear as surface fogs only at very high
elevations, except on the windward side of mountain
ranges or rapidly rising ground with coastal exposure.
As soon as there is a mountain range between the open
sea and the inland region under consideration such cloud
systems will rest only on the mountain tops. Thus the
low ceiling caused by front passage cloud systems is com-
paratively unobstructive in inland regions, apart from
mountainous districts. The occurrence of inversion haze
depends always on the presence of industrial smoke pol-
lution. The more general form of inversion haze, that
which accompanies the high anticyclonic inversions, may
become so widespread as not to be a local phenomenon.
But there are always local variations in the density,
which is greatest to the leeward of the smoka source. The
inversion haze that goes with a ground inversion is always
very local, likewise densest to the leeward of the source
of pollution. A similar distribution of the hygroscopic
nuclei of condensation has the result of frequently effect-
ing a similar localization of the regions of greatest density
in the formation of ground fog, or low radiation fog. By
reason of the complete dependence of smoke haze, and
partial dependence of ground fog on the location of the
sources of pollution, this is probably the most important
local factor affecting fog and haze frequency on a pro-
spective inland aerodrome site. This is especially a fact
because commercial aerodromes must usueally be in the
proximity of large industrial cities. When this is the case
1t 18 very important to consider the prevailing wind direc-
tion in the given locality, for when there is one general
direction which is predominant this will be found to have
a very considerable effect on local visibility frequencies.
The amount to which visibility may be dependent on
wind direction in the locality of a large city 1s very well
shown by Entwistle’s statistics for Stag Lone and Croy-
don, in the neighborhood of London.

Ground fog is really the most obstructive of the locally
variable inland fogs. The effect of large cities on the
distribution of this fog has just been considered. But
in connection with this fog it 13 also necessary to consider
local topography, the presence of bodies of water, and
perhaps also the nature of the ground surface or the
ground cover. Generally speaking, low-lying places are
most favorably situated for the occurrence of ground fog,
especially valleys which are suitably located to receive
extensive cold-air drainage from surrounding highlands
and which are more or less protected from/the normally
prevailing winds. A difference in elevation of only a
few hundred feet may make a very great difference in
the frequency of ground fog in the same locality. There-
fore, though it is always best from a consideration of
low-ceiling and maritime fog for an aerodrome to be
located in the lee of a mountain range, it is evident that
the low-lying locations must he avoided. Situations
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lying high enough to insure good air drainage should
always be selected.

As has been pointed out under autumn steam mists,
bodies of water may have either the effect of local intensi-
fication or local dissipation of ground fog, depending on
the topography. However, as a rule it is bes$ to keep as
far from them as possible in choosing an aerodrome site.
This is certainly true for all lakes and rivers lying in well-
marked valleys, suitably located for the drainage of
radiation cooled air over the water surface. And even
in flat country, though there is no doubt that extensive
water surfaces affect local convection and ground fog
dissipation immediately above them, it remains to be
shown that the great supply of moisture to the sir in this
process does not intensify fog formation over the immedi-
ately surrounding land districts. It is here that the
aerodrome must be located, not over the lake itself.

The effect of the ground surface or ground cover on the
formation of ground fog may be important, but as yet it
hds not been investigated in the least. It may be eflective
both by the supply of meisture to the air and by the dif-
ference in radiation of heat to space from different kinds
of surface. The difference in radiational cooling of a
vegetation surface cover and moist soil has in the discus-
sion of the very low ground fog been considered as a
possible explanation of the phenomenon. Captain Ent-
wistle considers the greater daily range of temperature
which is characteristic of regions with a sandy soil to be
favorable to the formation of ground fog. On the other
hand, as Defant has found experimentally, low-humidity
content of the air favors radiational cooling and insela-
tional heating of a ground surface. If this factor enters
into the greater daily range of temperature over a sandy
soil, as seems quite probable, then the low humidity
might well more than offset the greater daily temperature
range in producing any radiation fog. All of these possi-
bilities require further investigation before anything can
be positively asserted.

These general considerations indicate that for an inland
aerodrome site the most favorable location will be in the
lee of a mountain range or at least of higher ground, at an
elevation sufficient to insure good air drainage, and as
far as possible from and to the windward of large indus-
trial cities and inland bodies of water. No doubt there
are many other factors to be considered in some localities.
The suitability of any site as far as fog and haze are con-
cerned can be judged only by a meteorologist thoroughl
familiar with the underlying principles and so far as possi-
ble in the light of existing local records of these elements.

It remains to say a few words about the relative merits
of coastal and inland sites for aerodromes. This, of
course, depends entirely on the regions in question, and
can be determined for a particular region only by a sta-
tistical analysis of the records of fog and haze. Captain
Entwistle has shown that for the British Isles exposed
coastal locations are preferable to inland locations.
This is doubtless the result of the fact that the climate
over the entire isles is maritime, and also that the aero-
dromes are for the greater part in southern England,
where industrial smoke pollution is very great. Probably
the same would be found to be true generally over
western Europe, where the climate is also maritime and
smoke pollution extensive. It has been pointed out
repeatedly the great role played by a maritime climate
(exposed to invasion by maritime air masses) in the
formation of the worst inland fogs. The contrast has
been made again and again between conditions in the
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interior of the United States and western Europe. This
is, briefly, merely the contrast between a continental and
-a maritime climate. Except for the Pacific coast, and
to a lesser extent the most outlying points on the North
Atlantic coast, the climate of the United States is pre-
vailingly continental. Therefore in the United States,
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generally spesking, inland locations should be better
suited for aerodrome sites, as far as fog, haze, and low
ceiling are concerned, than coastal locations. Especially
will this be true for the Pacific coast as compared with
regions east of the Rockies. This is in accord with
Képpen'’s figures of fog frequencies in the United States.

NOTES, ABSTRACTS, AND REVIEWS

Meteorological summary for Chile, October, 1928 (by
J. Bustos Navarret, Observatorio del Salto, Santiago,
Chile)—The characteristic features of the weather were
weak intensity of atmospheric circulation and very light
precipitation, even in the southern area.

Two important anticyclonic centers were charted—the
first formed in the region of the Juan Fernandez Islands
on the 5th, moved toward Chiloe on the 7th, and later
remained stationary in the south for some time; the
second forming in the same region as the first on the 20¢h,
moved toward Chiloe and later, on the 25th, toward
Argentina.

’%he depressions were of minor importance. Only three
are worthy of mention, those of the 2d-3d and 12th-13th

off the middle coast and that of the 16th-18th in the far
south. The first depression was accompanied by cloud-
iness, fog, and mist; the second by the same conditions
and in addition scattered rains in the south. The third
disturbance, which crossed the extreme southern region,
caused rains from Chiloe to Arauco; it brought the most
marked change in weather during the month and was
followed by frost in the central region of Chile.

Rarely has there been observed such weak atmospheric
circulation as that characterizing this month. The total
monthly precipitation at Valdivia, one of the rainiest
points in Chile, was only 1.29 inches (normal 5.28
iﬁl/dl}%?) Rand at Santiago only 0.10 inch.—Translated by
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(Note.—Omitted this month but will be resumed in next issue.—FEd.

SOLAR OBSERVATIONS

By Herserr H. KimBaLy, Solar Radiation Investigations

SOLAR AND SKY RADIATION MEASUREMENTS DURING
NOVEMBER, 1928

For a description of instruments and exposures and
an account of the method of obtaining and reducing the
measurements, the reader is referred to the Review for
January, 1924, 52:42; January, 1925, 53:29, and July,
1925, 53:318.

Table 1 shows that solar radiation intensities averaged
decidedly above normal values for November at Wash-
ington, D. C., and slightly above at Madison, Wis., and
Lincoln, Nebr.

Table 2 shows that the total solar radiation received
on a horizontal surface directly from the sun and dif-
fusely from the sky was above the November normal at
Washington, and decidedly below at Madison and
Lincoln.

Skylight polarization measurements made at Wash-
ington on three days give a mean of 62 per cent, with a
maximum of 67 per cent on the 5th. At Madison meas-
urements made on two days give a mean of 75 per cent
with a maximum of 76 per cent on the 6th. These are
close to the corresponding average values for November
at Washington and considerably above at Madison.

TaBLE 1.—Solar radiaiion intensiities during November, 1928

[Gram-calories per minute per square centimeter of normal surface}
‘Washington, D. C.

Sun’s zenith distance

8a.m | 78.7° | 75.7° | 70.7° | 60.0° ; 0.0° ) 60.0°
i

70.7° | 75.7° | 78.7° | Noon

Date

75th Air mass ' Local

Nov.
Nov.6__
Nov. 7_.
Nov.8_.
Nov.9..
Nov.
Nov.
Nov.
Nov.
Nov.

1
1 -
1. . 09((0, 92)
Departures.____ P +.09) +.11) +, 11| 4,09

+.09|....

{Extrapolated.



